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1.0   
Abstract 
 
Zr-2.5 wt % Nb (Zr-2.5Nb) is the main alloy used in the pressure tubes of CANDU nuclear 
reactors, which are manufactured by hot extrusion. Pressure tubes are subjected to high 
irradiation fields and corrosion, in addition to the applied stress at operating temperatures of 
around 330°C, which leads to irradiation creep that is often life-limiting; re-tubing the reactors, 
is a source of significant through-life cost of the reactor system. However, significant variability 
in performance is observed between tubes and stations, which is felt to be due to variability  
in the fabrication and operation conditions. The performance of Zr-2.5Nb is sensitive to  
both microstructure and texture and therefore it is desirable to be able to understand the 
extrusion conditions more fully. 
 
In this thesis, the extrusion of Zr-2.5Nb is examined, along with commercially pure titanium 
(CP Ti), commercially pure magnesium (CP Mg) and AA2014. The effect of extrusion ratio,  
die geometry and rod versus tube conditions are examined. The resulting microstructures and 
textures are rationalised with the aid of a finite element model for the process. 
 
After the introduction and literature review (Chapters 1-2), the modelling procedure and 
extrusion theory are examined (Chapter 3).  
 
Constitutive data (including friction conditions) are gathered and a Norton-Hoff constitutive 
model is generated in Chapter 4. It is found that adiabatic heating can be important at high strain 
rates and low temperatures, particularly in CP Ti and CP Mg. Recrystallization during 
deformation can be observed in the flow curves, particularly in CP Mg and AA2014 at low 
strain rates and high temperatures. 
 
The extrusion of AA2014 tubes is examined in Chapter 5. It is found that satisfactory textures 
and microstructures can be obtained, and that the model can reproduce the observed load curves. 
Partially extruded gridded billets are also used to verify the flow conditions predicted by the 
model and to obtain textures and microstructures part-way through the extrusion process. 
 
The extrusion of CP Mg and CP Ti are examined in Chapters 6 and 7, respectively. It was found 
that CP Mg recrystallized very easily, dominating the microstructures and textures observed. 
The CP Ti extrusions were performed in the α+β regime in order to match Zr-2.5Nb conditions. 
 2 
The high extrusion ratio rod textures were dominated by the β → α transformation, while those 
in the tubes were more characteristic of deformation of the α phase. 
 
Zr-2.5Nb extrusion is examined in Chapter 8. Satisfactory microstructures with elongated  
α grains surrounded by thin ligaments of β were obtained in the tube extruded through a  
flat-faced die, with the expected texture for this ratio of wall to diametral reduction  
(paragraph 2.5.7.1, Figure 2.25). The microstructures obtained were found to be a product of the 
temperature in the die and the cooling rate of the material. Excessive cooling rates lead to the 
production of basket-weave microstructures, and breakup of the grain boundary α to very fine 
microstructures. Again, the extrusion modelling allowed the results obtained to be rationalised. 
 
Finally, the reader is referred in Chapter 9 for a discussion of the obtained result. Conclusions 
drawn and suggestions for further work can be found in Chapter 10, together with 
recommendations for the industrial modelling of tube extrusion and for industrial practice. 
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1.0   
Chapter 1 – Introduction 
 
1.1  Summary 
 
The purpose of this work is to improve our understanding of how microstructures and textures 
are developed during the tube extrusion of hexagonal metals, particularly those that undergo  
an allotropic transformation between a high temperature and a low temperature phase,  
such as titanium and zirconium. This is of particular interest for Canadian designed  
CANDU (CANada Deuterium Uranium) nuclear reactors, which employ a hot extruded  
Zr-2.5 wt. % Nb (Zr-2.5Nb) tube that forms the pressure boundary between the coolant and 
moderator and contains the fuel assemblies, known as pressure tube. The economic life of  
these tubes is a source of significant concern for the viability of this reactor design and  
therefore the optimisation of the microstructures and textures produced is of interest. In this 
chapter, the CANDU reactor design is briefly reviewed and the extrusion process introduced, in 
order to motivate the work that follows. 
 
 
1.2  Nuclear Reactor Design 
 
A conventional thermal nuclear reactor must first achieve criticality that for 235U is 
 ~2.5 neutrons produced per fission, with an average energy of ~2 MeV, which must be reduced 
in energy (thermalised). These neutrons can cause further fissions; this must be achieved 
without losing so many neutrons that the number of fissions in each subsequent generation 
decreases (the fraction of which is referred to as, k). The overall aim is that, at steady state,  
k = 1. For a natural uranium reactor, the number lost in the 238U fraction of the fuel is such that 
neutron economy is critical and therefore further losses must be minimised. The fuel  
and fission products are contained in a fuel can, such that the fission products do not grossly 
contaminate the reactor.  
 
Subsequently, the neutrons are thermalised in a moderator, which is typically either light water, 
heavy water or carbon in the form of ultra-pure graphite. In any reactor, but especially a power 
reactor, there is an additional requirement; to remove the heat generated by the fission process 
and adsorption of the energy contained in the radiation produced by fission, in order to avoid 
melting of the fuel and/or can and in-core structural components, and in order to extract useful 
work. In the UK Magnox and AGR (Advanced Gas-cooled Reactor) designs, this is achieved by 
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using a CO2 coolant, whilst in the boiling and pressurised water reactor designs by using a light 
water coolant that also forms the moderator. 
 
The earliest reactors were built not to provide power but to produce 239Pu for nuclear weapons 
from natural uranium, which is 0.72 wt. % 235U in 238U. Therefore neutron economy was very 
important. This prevented the use of steel fuel cans or light water moderators, both of which 
require the use of slightly enriched fuel, typically ~3.5 % 235U. Plutonium production also 
requires the use of a shortened fuel cycle in order to minimise the production of 242Pu, which is 
undesirable in weapons; the removal of 239Pu from the spent fuel and the short fuel lives leads  
to a preference for fuel recycling and for on-load refuelling. 
 
CANDU reactors incorporate a number of novel design features. The first distinctive factor is 
the use of pressure tubes (Figure 1-1). In a traditional light-water nuclear reactor (LWR) design, 
the entire reactor core is a single large pressure vessel containing the moderator/coolant and the 
series of long fuel bundles running the length of the core. In contrast, the CANDU design 
encloses each string of fuel bundles in its own cylindrical pressure vessel, named fuel channel. 
These fuel channels consist of pressurized components (pressure tubes, end fittings and 
closures), the primary system internals (shield plugs) and the support components (spacers, 
calandria tubes). A fuel rod is defined as a Zircaloy tube filled with ceramic fuel pellets. Twenty 
eight or thirty seven of these half-meter long fuel rods constitute a fuel bundle. Twelve bundles 
lie from end to end in a 6 m long pressure tube, each one of them weights about 20 kg and is  
50 cm long. The fuel bundles situated in the pressure tubes are immersed in heavy-water, which 
is used as a coolant, and can be thought of as one of many separate “mini pressure-vessel 
reactors”, highly subcritical. The pressure tubes used at the Pickering and Bruce reactors have a 
103 mm internal diameter, its thickness is about 4 mm and they are 6.1 m long [1] (Figure 1-1).  
  
 
Figure 1-1  a) Schematic of a pressure tube in a calandria tube, b) Pressure tube with the enclosed 
fuel bundle [2]. 
calandria tube 
spacer snug on 
pressure tube 
pressure 
tube 
coil interlock 
and weld 
girdle 
wire weld
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Pressure tubes are placed inside other tubes of bigger diameter, named calandria tubes  
(Figure 1-1(a)). The calandria tubes for Pickering and Bruce reactors have 129 mm inside 
diameter, 1.4 mm thickness and are 6.1 m long [1]. Through the two tubes (calandria and 
pressure tube) an insulating annulus is formed, which acts as a barrier between the pressure 
tubes and the heavy water moderator. By the circulation of a dry gas through this annulus, heat 
loss from the Primary Heat Transport System (PHTS) to the moderator is minimized. The 
humidity in the annulus gas is monitored in order to provide leak detection from the PHTS. 
Carbon dioxide is used as the annulus gas in most cases.  
 
The contact of these two tubes is prevented by garter spring spacers, which are wrapped around 
the pressure tubes (Figure 1-1(a)). These garter springs are made of a rectangular cross-section  
(1.73 mm x 0.10 mm) Zr-2.5Nb-0.5Cu wire, rolled into a coil of 6.6 mm diameter [1]. The 
calandria tubes are positioned in a cylindrical tank containing the moderator, called calandria 
vessel. It is a large horizontal cylinder, closed on the flat ends by calandria tube sheets.  
Each tube sheet has hundreds of openings, with their axis nearly 30 cm apart on a square lattice. 
This distance allows the neutrons to lose most of their energy before they find their way back  
to the fuel [3] (Figure 1-2).  
 
 
 
Figure 1-2  a) Calandria vessel, b) Schematic of a Calandria vessel cross-section [3]. 
 
The calandria tubes are attached to the calandria tube sheet. Mechanical rolled joints are used 
for the connection of the zirconium alloy tube to the stainless steel tube sheet and for the 
attachment of each end of a pressure tube to a stainless steel end fitting. The end fittings support 
the pressure tubes and allow connections to them. These end fittings also have feeder couplings 
for attaching the feeder pipes through which high pressure deuterium oxide (D2O) coolant flows 
to and from the fuel in the pressure tubes (Figure 1-3). Each end fitting is closed by a removable 
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closure plug, which has a pressure tight metal disc seal fitted on it. The calandria vessel is not a 
pressure vessel, but is protected from over-pressure by calandria rupture disks. 
 
 
 
Figure 1-3  Schematic of a Calandria tube with the end-fitting support system [4]. 
 
Therefore the CANDU design provides a high neutron economy core, with pressurized water 
reactor (PWR) - type steam conditions, using natural uranium fuel and the provision for on-load 
refuelling. It also avoids the requirement for large amounts (>1000 ton) of high purity graphite 
of the gas-cooled reactors, but at the expense of requiring a source of heavy water (D2O), which 
is expensive to extract from conventional water. 
 
The economics of any nuclear reactor design are dominated by four factors; the capital cost of 
construction, decommissioning cost, fuel cost (both production and spent fuel disposition) and 
the cost of building, maintaining and certifying the design (i.e. the S&T infrastructure 
associated with the design). The actual operating costs are relatively trivial. At the point of 
decision between competing designs, in principal the disinterested buyer need only consider the 
one-time construction and decommissioning costs and fuel. From the above discussion, it 
should be clear that CANDU fuel costs will be lower than PWRs, owing to the use of natural 
uranium fuel, while the construction cost will be similar. Therefore the key requirement is for a 
long reactor life, which is the major driver behind decommissioning cost (volume of activated 
steelwork etc. should probably also be considered). 
 
In this design, the pressure tubes are subjected to significant pressure loading, in addition to the 
weight of the fuel and to irradiation swelling from the applied irradiation field, at temperatures 
of up to ~330°C. This leads to significant in-reactor thermal and irradiation creep which 
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eventually becomes life-limiting. Early CANDU reactors suffered significant variability in 
creep performance which has been attributed to a lack of process control in tube manufacture.  
 
 
1.3  Nuclear Materials 
 
The alloys that are used for the production of pressure tubes exhibit the ability to be fabricated 
into tubes, have adequate neutron economy, tensile strength, in-reactor creep strength, resist 
corrosion by the reactor coolant and as also retain adequate ductility in the reactor.  
 
Beryllium, magnesium, zirconium and aluminium are materials that provide high neutron 
economy since their neutron adsorption cross-sections are 0.0092, 0.063, 0.184 and 0.232 barns1 
respectively. Iron and titanium exhibit very high neutron cross-sections (2.56 and 6.09 barns 
respectively) that inhibit their use in these applications. The neutron absorption per unit strength 
of zirconium and other potential for nuclear components material is given in Table 1-1.     
 
Metal Ultimate Tensile Strength (MPa) 
Macroscopic cross 
section for thermal 
neutrons (cm2/cm3) 
Relatively Neutron 
Absorption for 
given design stress 
Zirconium 900 0.01 1 
Iron 1100 0.17 14 
Nickel 1100 0.31 25 
Titanium 1000 0.26 28 
Aluminium 90 0.014 14 
Magnesium 90 0.005 5 
Beryllium 180-350 0.001 0.25-0.5 
 
Table 1-1  Neutron economy of various metals compared with zirconium [1]. 
 
From these, zirconium has the second lowest neutron absorption per unit strength after 
beryllium. However, beryllium is unsuitable for nuclear applications due to poor ductility, 
especially after irradiation [1]. Zirconium on the contrary exhibits high strength and temperature 
capability whilst retaining reasonable ductility. Zirconium alloys used in CANDU power 
reactors are cold-worked Zircaloy-2, quenched and aged Zr-2.5Nb and cold-worked Zr-2.5Nb. 
The latter (cold-worked Zr-2.5Nb) is the current reference material for this study. The  
tensile properties of these materials, along the extrusion (ED) and hoop (HD) directions,  
listed in Table 1-2, refer to 300°C, since the operating conditions of the pressure tubes  
are 9.6 MPa at 300°C [1]. 
  
 
                                                 
1
 1 barn = 10-24 cm2 
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Material Direction 0.2% Yield Strength (MPa) 
Ultimate Tensile 
Strength (MPa) 
Elongation 
(%) 
Reduction 
in area (%) 
Cold-worked 
Zircaloy-2 
ED 320 380 26 55 
HD 350 370 23 54 
Heat-treated 
Zr-2.5Nb 
ED 480 600 19 61 
HD 670 690 12 50 
Cold-worked 
Zr-2.5Nb 
ED 370 530 15 50 
HD 540 570 23 54 
 
Table 1-2  Pressure tube tensile properties, at 300°C [1]. 
 
 
1.4  Pressure Tube Design Requirements 
 
Whereas the properties of the aforementioned zirconium alloys were supposed adequate up to 
now, they are not the optimal. Although these materials are robust, chosen for their survivability 
under the harsh conditions of reactor operation, such as the intense neutrons flux and the high 
temperature and pressure, they do undergo life-shortening metallurgical changes.  
 
The alterations that irradiation induces to the properties of the pressure tube material for the 
temperature range of 100-300°C are (Table 1-3): 
• Yield (YTS) and Ultimate (UTS) tensile strengths increase until approaching 
saturation at fluences of about 1025 n.m-2 (E>1.0MeV). 
• Ductility is being decreased. 
• Uniform elongations decrease to values smaller than 1%. 
• Total elongations although decreasing, remain significantly large. 
• Reductions in area at fracture slightly change. 
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MPa kpsi MPa kpsi 
Zr-2.5Nb water 
quenched from 
880oC aged  
54h at 500°C 
0 L U 610 86.6 630 90.0 - 14.8 
0 L I 800 114.5 830 117.9 - 9.5 
220-290 L U 580 82.7 660 93.6 - 13.2 
250-320 L I 830 117.4 840 119.0 - 5.5 
Zircaloy-2 cold 
drawn 20% 
0 L U 300 42.2 340 47.8 - 12.8 
0 L I 450 63.7 450 63.7 - 5.8 
136-190 L U 320 45.9 360 51.7 - 18.0 
162-216 L I 460 65.7 460 65.7 - 8.8 
Zr-2.5Nb cold 
drawn 20% 
0 L U 390 54.9 490 69.5 4.7 8.5 
0 L I 530 75.3 640 91.6 4.1 7.5 
0 T U 510 72.7 530 75.6 1.1 4.0 
0 T I 650 93.6 660 93.8 0.5 2.9 
 
Table 1-3  The combined effect of hydrogen and irradiation on the tensile properties of Zr-2.5Nb 
and Zircaloy-2 at 300°C. Specimens were irradiated at ~280°C to ~2.7x1024 n.m-2 (E>1.0 MeV) [1]. 
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Embrittlement, in-reactor creep, dimension alteration and increased probability of fracture 
initiation are the major issues. These factors suppress the lifetime of the pressure tubes and 
make replacement necessary for safety reasons. 
 
 
1.5  Tube Extrusion of Hexagonal Materials 
 
Extrusion is a high deformation process that can result in homogenous product microstructures 
and textures in long lengths of material. It is also very efficient, in that there is little requirement 
for machining of discarded material, unlike in die forgings where strain and temperature 
heterogeneities often result in a requirement to machine away regions with undesired 
microstructures. The large amount of constraint in the extrusion container also means  
that large amounts of strain can be imparted without cracking of the material. However,  
the required extrusion load can be quite significant, meaning that extrusion presses are  
high capital cost items.  
 
The extrusion of hollow sections, such as tubes, is usually achieved through the use of a  
stem or mandrel attached to the ram of the extrusion press. If the stem is well aligned, then 
tubes of well-controlled wall thickness can be produced. Usually, a billet is prepared  
(which will be often be hollow in the case of tube extrusions), heated in a furnace and  
then transferred to the warm container for extrusion. The billet is then extruded, possibly  
with spray quenching of the extrudate. 
 
In this work, first the conventional direct extrusion of AA2014 is examined, which is a 
conventional Al-Cu-Mg alloy. The extrusion of aluminium alloys is well understood and so this 
provided a reference case for the modelling work and the extrusion of tubes rather than rods. 
The lack of lubrication in this case also meant that the friction and heat transfer conditions in the 
container and die were well known, limiting the number of free parameters in the modelling. 
The lack of phase transformations in aluminium also meant that the microstructure and texture 
development could be deduced directly (although, it should be acknowledged that this alloy is 
heat treatable). However, textures in aluminium are often a balance of recrystallization and 
deformation textures and so the situation is somewhat less simple than might be hoped. 
 
The tube extrusion of a magnesium alloy is then examined. Again, the extrusion temperature is 
relatively low and the friction conditions were simple, so the problem is relatively tractable 
from a process modelling point of view. The main attraction of CP Mg for the present work is 
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that the alloy is hexagonal at all temperatures, facilitating the examination of texture 
development in hexagonal materials. 
 
The work is then extended to commercially pure (CP) titanium, where there is an allotropic 
transformation from the high temperature bcc β phase to the low temperature hcp α phase. In 
addition, a glass lubricant must be used to avoid excessive die wear and so the friction and heat 
transfer conditions become less well understood. In addition, there is relatively little open 
literature on the development of texture and microstructure in CP Ti  and so this work is of 
direct interest, especially as so much CP Ti tube is used industrially, for example in heat 
exchangers, aerospace, corrosion and process plant applications. 
 
Finally, having understood the extrusion process, extrusion modelling and the effect of  
the allotropic transformation, the near-α zirconium alloy Zr-2.5Nb was examined.  This  
alloy was extruded in copper clad, as is practiced industrially. The friction conditions were 
examined through the use of a ring compression test. As with the other materials, the effect  
of extrusion ratio, the difference between rod and tube extrusion and the effect of die  
geometry were examined. 
 
 
1.6  Layout of the Thesis 
 
The remainder of this thesis is organized as follows. First, the literature relating to the four 
materials and to pressure tube production and processing are presented. In Chapter 3, extrusion 
and the modelling approach taken are discussed. In Chapter 4, the constitutive data collected are 
presented and the experimental approach and techniques used are described. Chapters 5-8 
present the results obtained for each of the four materials studied, while in Chapter 9 these 
findings are discussed. Finally, in Chapter 10, the conclusions which may be drawn from this 
work are summarized and some suggestions are made for further work in this area. 
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2.0  
Chapter 2 – Literature Review 
   
2.1  Intro 
 
The predominant practice among early chemists and mineralogists was to normalize their 
analyses of compounds. When the analyses of an unknown mineral consisted of 45 % of the 
compound A, 25 % of the compound B, 15 % of the compound C and the remaining 15 % was 
unknown, they adjusted the fractions (of the compounds A,B and C) so that they always totalled 
100 %. The German chemist Martin Heinrich Klaproth (1742-1817) was the first that 
abandoned this practice and concentrated on the discovery of the unknown elements that he 
detected in his analyses. This allowed Klaproth to discover a number of new elements, 
including zirconium and titanium. 
 
 
2.2  Aluminium  
 
2.2.1 Occurrence and Extraction 
 
Aluminium is the most abundant metal in the Earth’s crust and the most heavily consumed  
non-ferrous metal in the world [1]. It is mainly extracted from bauxite deposits in the form of 
hydrated alumina but it can also been found in clays, shales and other minerals. Nepheline rocks 
are the second most important source of aluminium after bauxites (35.7 % Al2O3; 42.4 % SiO2; 
21.9 % Na2O), while aluminate and disthene are also commercial sources [1].             
 
2.2.2 Material History 
 
The production of aluminium is achieved through a sequence of two processes, namely the 
Bayer and the Hall-Héroult processes. The Bayer process was developed by Karl Josef Bayer in 
1888. Initially bauxite is treated in sodium hydroxide at about 240°C to dissolve the alumina 
and retain the insoluble iron oxides and silica as a residue, known as “red mud” [2]. 
 
( ) OHxNaAlONaOHOxHOAl 22232 122. ++→+  (eq. 2.1) 
 
OHOAlNaOHOHNaAlO 23222 3.222 +→+  (eq. 2.2) 
 
Afterwards the liquor is cooled and trihydrate is added to promote precipitation. This forces the 
reaction to reverse. The produced trihydrate is then removed, washed and calcinated to produce 
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alumina. Alumina is then electrolysed with fused sodium aluminium fluride (Na3AlF6) also 
known as cryolite, to aluminium [1].    
  
2.2.3 Applications of Aluminium 
 
The combination of light weight, high strength and corrosion resistance that aluminium 
possesses renders it a unique material. As a result, a wide range of different aluminium alloys 
are used in numerous applications. Aluminium products can be fabricated through all available 
casting and metalworking processes like milling, stamping, powder metallurgy, semi-solid 
processing, machining, forging and extrusion [3, 4]. Some areas in which aluminium is of  
great importance are the aerospace, automotive and transportation [5], construction, defence, 
food and beverage packaging fields [1]. It is estimated that around 85 % of aluminium is used  
in wrought products while the remainder are cast [2]. 
 
2.2.4 Metallurgy of Aluminium 
 
2.2.4.1 Aluminium Alloying 
 
Pure aluminium crystallizes in the faced-centred cubic (fcc) crystal structure, the highest 
packing ratio cubic lattice (atomic packaging factor 0.74), up to its melting point of 660°C [6]. 
The lattice parameter of pure aluminium is illustrated in Table 2-1.  
 
Crystal Structure  Faced-centred cubic 
Lattice Constant a 4.041 Å 
 
Table 2-1  Crystallographic properties of pure aluminium [1]. 
 
The low strength of pure aluminium means that it cannot be used readily, but has to be alloyed 
to improve its properties [1]. Both the chemical composition and microstructure developed 
during solidification, heat treatment and forming have a strong effect on its properties. 
Aluminium alloys are divided into several different series, depending on their main alloy 
elements. In practice there are two types of each of the alloy series, one for the wrought and one 
for the cast aluminium alloy (Table 2-2).  
 
Alloying Wrought Alloying Cast 
Al, 99.0 % + 1xxx Al, 99.0 % + 1xx.x 
Cu / Cu-Mg 2xxx Cu 2xx.x 
Mn / Mn-Mg 3xxx Si-Cu / Si-Cu- 3xx.x 
Si 4xxx Si 4xx.x 
Mg 5xxx Mg 5xx.x 
Mg-Si 6xxx - 6xx.x 
Zn-Mg / Zn- 7xxx Zn 7xx.x 
Miscellaneous 8xxx Sn 8xx.x 
- 9xxx Other 9xx.x 
 
Table 2-2  Wrought and cast aluminium alloy series [2, 3, 7]. 
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The mechanical properties of Al alloys are influenced by microstructural features such as: 
 
• Coarse intermetallic compounds (0.5-10 µm) formed during ingot solidification [8]; 
either insoluble like Al6(Fe,Mn), Al3Fe, αAl(Fe,Mn,Si) and Al7Cu2Fe or soluble such 
as Al2Cu, Al2CuMg and Mg2Si. 
• Sub-micron particles or dispersoids (0.05-0.5 µm) formed by solid state precipitation of 
compounds containing elements with low solubility upon homogenization. 
• Fine precipitates (max 0.1 µm) formed during age-hardening. 
• Dislocation substructure due to cold working (in non heat-treatable alloys). 
• Microstructure (both grain size and shape). 
• Crystallographic texture.  
 
The mechanical properties of the heat-treatable aluminium alloys are not strongly influenced by 
the existence of fine precipitates, while in non heat-treatable alloys the dislocation substructure  
(wrought products) or the grain size (cast) [2] are most important. 
 
2xxx series (Al-Cu / Al-Cu-Mg) 
 
The wrought 2xxx series are strong aluminium alloys primarily developed for aircraft 
applications [7, 9, 10]. High strength is achieved through age hardening since 2xxx alloys 
respond to strengthening through heat treatment. 6xxx and 7xxx alloys series are also  
heat-treatable while 1xxx, 3xxx, 5xxx and 8xxx series are not. The main alloying element of  
the 2xxx aluminium alloy series is copper. Its appreciable solubility and strengthening  
effect render it a very important alloying addition in several aluminium alloys [6]. The relatively 
high silicon content of AA2014 (Al-4.4Cu-0.5Mg-0.9Si-0.8Mn) increases the response to  
age-hardening and thus its strength. However, the toughness of 2xxx alloys is considerably 
lower than the 7xxx alloys [11]. Polmear [2] attributes this to the larger intermetallic 
compounds found in the 2xxx alloys. Both fracture toughness and ductility can be increased by 
lowering the levels of iron, silicon and copper [12], as in AA2124 (0.3 % Fe, 0.2 % Si) and 
AA2048 (3.3 % Cu, 0.2 % Fe, 0.15 % Si).  
 
2.2.4.2 Microstructure 
 
The addition of Mg to Al-Cu alloys has proven to increase both the magnitude and the rate of 
aging through their interaction with vacancies [1, 10]. As seen in Figure 2-1 the precipitation in 
this system is affected from the Cu:Mg ratio. 
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Figure 2-1  Phase fields in Al-Cu-Mg alloys as a function of Cu and Mg content [1]; θ=Al2Cu, 
S=Al2CuMg, T=Al6CuMg4 [2]. 
 
In alloys with low Cu:Mg ratio (<1) a uniform dispersion of dislocation loops and independent 
clusters of Cu and Mg are observed upon quenching. During aging the dislocation loops become 
unstable, coarsen and grow to helical dislocation lines [13]. Cu-Mg co-clusters also form. 
Higher Cu:Mg ratios however, promote stable loops for prolonged times. Shortly after aging 
starts, Cu-Mg co-clusters form. As the phenomenon proceeds rod-like Guinier-Preston (GP) 
zones form [13]. Prolonged aging at relatively low temperatures or aging at higher temperatures 
causes the transition S ′  (Al2CuMg) phase to grow, coherent with the { }021  matrix planes, at 
the expense of the GP zones [14]. Over-aging is associated with the formation of the 
equilibrium S  (Al2CuMg) phase and loss of coherency [6]. The precipitation sequence as 
described by Totten [1] is the following: 
  
SSzonesGPstageeprecipitatpreSSSS →′→→−→  
 
The majority of the Al-Cu-Mg alloys however exhibit a Cu:Mg ratio higher than 1.5:1 [1] and 
thus fall in the S+α  or the S++θα  field (Figure 2-1). For Cu:Mg ratios over 6.5:1 the alloy 
follows a precipitation  sequence similar to the binary Al-Cu system: 
 
( ) θθθ →′→′′→→ 2GPzonesGPSSSS  
 
The first stage in precipitation is the concentration of copper atoms into two dimensional  
disk-like shapes, aligned parallel to the 100 planes, known as Guinier-Preston (GP)  
zones [15], which results in room temperature hardening of the material. Heating the  
alloy at temperatures above 100°C cause the GP zones to disappear while θ ′′  (or GP2) phase 
forms. A transition θ ′  phase forms coherently to the solid solution lattice after θ ′′ , with the  
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two phases coexisting over a range of time and temperature. Finally the θ ′  phase transforms 
into the equilibrium θ  (Al2Cu). 
  
Thus, after aging Al-Cu-Mg alloys exhibit an α and θ structure. Al2Cu is a soluble intermetallic 
compound that forms preferentially as a lacy network along the grain boundaries [2]. Coarse 
intermetallic compounds like Al2Cu do not strongly influence yield or tensile strength but can 
reduce ductility. Under intense deformation they can align parallel to the material flow, as 
stringers. As with texture, stringers can cause anisotropy in the material properties [2]. The high 
silicon content of AA2014 stabilizes the (Mn, Fe)3SiAl12 as the iron-rich phase. Al2Cu and 
Cu2Mg8Si6Al5 are soluble phases while Cu2Mn3Al20 dispersoids augmented by Mn3SiAl12 
precipitate out of solution. High dispersoid concentration and intense banding inherited from the 
as-cast structure can cause highly elongated recrystallized grains [6]. Bardi et al [16] identified 
Al2Cu, Al2CuMg and AlCuMg precipitates in AA2014 deformed at 300°C and 500°C.  
  
Recrystallization and grain growth are phenomena of great importance for aluminium since they 
occur during all heating processes of prior deformed aluminium and aluminium alloys. 
Chemical, physical and mechanical properties are strongly influenced and thus attention should 
be paid during thermal and thermomechanical processing. Rapid cooling after hot working 
prevents recrystallization and preserves the formed subgrain structure. 
 
2.2.5 Processing                                                 
 
Extrusion is one of the most common deformation processing techniques in aluminium alloys. 
The majority of aluminium extrusions are conducted according to the conventional forward 
method (paragraph 3.2.2). However, other extrusion methods such as the indirect and the 
continuous extrusion have been used in the production of specific products. The billet 
temperature ranges between 450-600°C [1]. During aluminium extrusion it is a common 
practice not to use any lubrication between the extruding material and tooling. The lack of 
lubrication means the material sticks to the container and die surface. As the extrusion ram 
progress the main body of the billet is sheared from its static outer layer and is pushed forward. 
Thus the surface of the extrudate is formed from the inner volume of the billet. In that way the 
oxidized outer layer of the billet is inhibited from entering the deformation funnel and extrusion 
product, lowering the possibility of an extrusion defect occurrence. Discrepancies in the 
microstructure and the texture of the extrudate along its cross section might arise from the  
two acting deformation modes; plane strain or axi-symmetric deformation in the central part  
of the billet and shear near the outer layers [17]. Aluminium and aluminium alloys are regarded 
as relatively easy materials to deform through extrusion, given their high ductility [18],  
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thus products of very complex cross-section have been produced. Hollow products are a  
special feature of aluminium extrusion. Apart from the conventional extrusion techniques other,  
more complex methods such as extrusion through a “torpedo” die or a “spider” device 
(paragraph 3.4) are successfully used for the production of hollow aluminium  
components [19, 20]. The fact that nearly ready to use profiles of high quality, good mechanical 
properties and surface quality are readily produced, at a relative low cost render extrusion a  
very prolific fabrication process for aluminium.       
 
2.2.6 Deformation 
 
The plastic deformation in aluminium and aluminium alloys is accommodated by slip, 
predominately on the 111110, while twinning occurs only under certain conditions [21]. 
Working of aluminium is conducted in both low and high temperatures depending on the alloy, 
process and the required product properties. Extrusions and forgings are preferentially 
conducted at elevated temperatures where strain hardening diminishes due to thermally 
activated recovery, occurring during and immediately after deformation [6]. Recovery is an 
annealing mechanism that takes place at relative low temperatures and short times of annealing. 
At elevated temperatures atoms become more mobile and dislocations can either climb out of 
slip planes or get annihilated if a positive and a negative dislocation meet each other [22]. The 
amount of disorder in the crystal is then reduced. As temperature and time of heating increase, 
the effect gets more pronounced. Response to recovery is also affected by the alloy composition 
and the grain size [23]. Higher heating temperatures or longer heating times trigger 
recrystallization. During recrystallization the gradual formation of new grains occurs. The 
recrystallized microstructure is practically stress free, with no dislocations along the grain 
boundaries and only a few in the grains. The formation of the new grains is believed to take 
place by growth of subgrains in the deformed and recovered microstructure [6]. The driving 
force of the process is the higher energy state of the deformed material (redundant work) 
compared to the undeformed state. Recrystallization is affected by a number of parameters. 
Higher redundant work in the workpiece decreases both the time and the temperature for the 
phenomenon to occur [22], while the more elevated the working temperature the more difficult 
the material is to recrystallize. Impurities and alloying elements also tend to increase the 
recrystallization temperature. The size of the produced structure is strongly influenced by both 
the annealing process and the prior grain history. Redundant work seems to have the strongest 
effect, with higher work induced leading to finer recrystallized grains. The rate of heating is also 
important. Slow heating produces large grains. If the material is heated after recrystallization, 
small grains with unfavourable shapes or orientations are gradually eliminated in favour of their 
neighbours. This can lead to large mean grain sizes. Impurities or intermetallic phases tend to 
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pin grain boundaries and restrict the process. Heating at even higher temperatures will enable 
some of the grains to overcome these obstacles, grow rapidly and consume some of the potential 
growth centres. This results to a relatively fine matrix with some extremely coarse grains. 
  
2xxx alloys are especially susceptible to recrystallization even if Mn, Cr and Zr are added in 
order to inhibit grain growth [24]. AA2014 alloy is usually extruded at about 400-460°C under 
an extrusion speed of 33-58 mm.s-1 [24]. However the optimum extrusion conditions depend 
upon several factors, such as the specific alloy composition, tooling and equipment factors  
such as the container size, extrusion ratio and shape of the extrudate. It is believed that  
high grain boundary angle substructures with less dislocation density, a result of a high 
extrusion temperature and low strain rates, make the material less prone to recrystallization  
and grain growth [24]. 
 
2.2.7 Texture 
 
The deformation of a material along specific crystallographic planes and directions produces a 
gradual alignment of the deformed grains into specific orientations. The developed texture 
varies with deformation mechanisms, forming process, shape changes between the workpiece 
and the product, deformation conditions (temperature, strain) and with alloy composition.   
 
Extruded fcc metals tend to develop a duplex 111 and 100 fiber texture [25, 26]. The 
dominant deformation system in aluminium is the 111110 slip system [27]. Polmear [2] 
indicates that aluminium wires, rods and bars have a fiber texture with the 110 direction 
parallel to the products axis and a random crystal orientation perpendicular to it.  
Starke and Staley [7] also reported a dual fiber texture in extruded products with a low  
aspect ratio of width to height, with the 111 and 100 directions parallel to the extrusion 
direction. Extrudates with higher aspect ratio developed a texture more close to that of  
rolled plate (110112,  112111 and  123634 ”copper type” rolling [7]) with only  
a small number of grains with their 111 direction along the extrusion direction. Dillamore and 
Roberts [28] propose that the developed texture during tube extrusion is related to the relative 
reduction of wall thickness and circumference. Thus, if only the wall thickness is reduced the 
texture is similar to that developed during rolling. This is in accordance with Tenckhoff [29], 
who came to the same conclusion while working with zirconium. Dillamore and Roberts [28] 
identified in heavily drawn copper tubes, with nearly the same wall thickness and diameter 
reduction, two texture components; 100011 and 111112, where L and R stand for 
longitudinal and radial directions respectively.  
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If annealing is restricted just to recovery the texture does not change significantly [30]. 
Recrystallization has an effect on the developed texture since the recrystallized grains frequently 
develop in different orientations from the deformation texture [6]. Although the deformation 
texture might become weaker during annealing, it is seldom eliminated [2]. It is very common 
for recrystallization texture components to be related to the deformation texture. In fcc metals 
recrystallization texture is often found 30-40° rotated around the 111 pole [26]. Face-centred 
cubic metals with a copper-type rolling texture develop a sharp 100001 recrystallization 
texture, also known as “cube texture” [26]. In aluminium, cube texture often co-exists with 
components of retained rolling texture, 123412, known as “R texture” [26]. Alloys with a 
brass-type rolling texture develop irrational recrystallization textures.  
  
 
2.3  Magnesium 
 
2.3.1 Occurrence and Extraction 
 
Magnesium is the eighth most abundant metal composing about 2 % of the Earth’s crust by 
mass [31]. However it does not exists in nature in elemental form but is found as  
compounds in seawater, minerals and rocks, the principal of which are dolomite (CaMg(CO3)2), 
magnesite (MgCO3), brucite (Mg(OH)2), carnalite (KMgCl3.6(H2O)), talk (H2Mg3(SiO3)4) and 
olivine ((Mg, Fe)2SiO4) [2, 32].     
 
2.3.2 Material History 
 
Magnesium takes its name from the area of Magnesia, in Greece, where large deposits of 
magnesium carbonate were discovered during ancient times. The English chemist Sir Humphry 
Davy was the first to isolate a small quantity of magnesium from magnesium oxide in 1808, 
while some years later Antoine Bussy managed to prepare purer and larger amounts of the  
metal [33]. In 1833 Michael Faraday electrolyzed dehydrated liquid magnesium chloride to 
liquid magnesium and chlorine gas, while Robert Bunsen in 1852 designed an electrolysis cell 
for the electrolysis of fused MgCl2 [2]. There are three main processes used currently in the 
production of metallic magnesium. The first involves the electrolysis of fused anhydrous 
magnesium chloride (MgCl2), while the other two (known as Pidgeon and Magnétherm 
processes) the thermal reduction of dolomite by ferrosilicon. During the Pidgeon process the 
reaction is carried out in solid state, while during the Magnétherm at considerable higher 
temperatures [2].  The material is then refined and cast to ingot.  
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2.3.3 Applications of Magnesium 
 
Magnesium and magnesium alloys possess characteristics that render them superior to other 
materials in a number of different applications. However, magnesium is mainly used as an 
alloying element (mainly in aluminium alloys) and as a structural material. The most important 
advantage of magnesium is the high strength to weight ratio in castings and high stiffness to 
weight ratio in wrought products. The high specific strength, combined with good fatigue and 
impact properties were responsible for the extensive employment of magnesium alloys in the 
aerospace industry as components of aircraft engines, airframes and landing gear wheels [32]. 
The excellent hot forming properties, good dimensional stability, good weldability and low 
machining cost enable the use of magnesium in the cost-sensitive automotive industry, with 
valve/cam covers, manual transition cases, steering components, airbag supports and seat frames 
some of the numerous components produced [34, 35]. Magnesium alloys have been also utilized 
in more specialized fields such as the nuclear energy industry, especially in United Kingdom. 
The low neutron absorption cross section, the inability to alloy with uranium, the good thermal 
conductivity and the adequate resistance to carbon dioxide made magnesium a very good choice 
as a canning material [32]. The demand for magnesium in applications such as auto parts, 
portable computers and telephones has increased rapidly in recent years [36]. 
 
2.3.4 Metallurgy of Magnesium 
 
2.3.4.1 Magnesium Alloying 
 
Pure magnesium under atmospheric pressure crystallizes in a hexagonal close-packed crystal 
structure. The lattice parameters of pure magnesium at 25°C are illustrated in Table 2-3.  
 
Phase  Alpha Phase – α 
Crystal Structure  Closed packed hexagonal 
Lattice Constants α 3.202 Å 
Axial Ratio c/α 1.624 
 
Table 2-3  Crystallographic properties of pure magnesium [32, 37]. 
 
However, magnesium is not used unalloyed since its mechanical properties are relatively poor. 
Alloying through the addition of different elements effectively improves its properties and 
renders it competitive in a number of applications. Solid solution hardening due to the different 
atomic size between the parent and the alloying material is the main strengthening mechanism 
for magnesium [31]. Zirconium has been proved a key alloying element for the refining of grain 
size. Its tendency to form oxides gives rise to numerous nucleation sites that lead to a finer and 
more homogenous microstructure. The importance of zirconium as an alloying element becomes 
evident from the fact that magnesium alloys are divided into two main categories, those with 
Chapter 2 - Literature Review 
 
40 
 
and those without zirconium additions. The magnesium alloys falling in the second category are 
usually alloyed with aluminium. Aluminium forms intermetallic phases with magnesium 
(Mg17Al12) and thus causes precipitation hardening. The main alloy systems are Mg-Al-Zn,  
Mg-Al-Mn, Mg-Al-Si and Mg-RE-X [38]. Mg-Al alloys exhibit the highest strength at room 
temperature which is not retained at higher temperatures. High temperature alloys such  
as the WE43 and WE54 (Mg-Nd-Y-HRE) usually contain rare earths or silver and  
thus are considerably more expensive. AZ31 (Mg-Al-Zn-Mn) is the most widely used general 
purpose magnesium sheet alloy, while ZE41 (Mg-Zn-Ce-Zr) is the main casting alloy for 
aerospace applications [31].          
 
2.3.4.2 Microstructure 
 
The microstructure of magnesium alloys is strongly influenced by alloying. The possible 
intermetallic compounds that may form in magnesium alloys are divided into three main types: 
 
• The AB simple cubic structure of CsCl type, such as MgTl, MgAg, CeMg and SnMg. 
• The AB2 system divided into three types; a face centred cubic with a stacking sequence 
abcabc (MgCu2), a hexagonal with stacking sequence ababab (MgZn2) and a second 
hexagonal with abacaba sequence. 
• A CaF2 faced-centred cubic structure, e.g. Mg2Si and Mg2Sn.  
 
The microstructure of both pure magnesium and magnesium alloys is dominated by two 
phenomena; recrystallization and grain growth. According to Roberts [37] an easy way to 
separate recrystallization from grain growth is by observing the relative movement of the grain 
boundaries. The grain boundaries move away from their centre of curvature in consumption of 
deformed grains during recrystallization, while towards their centre of curvature during grain 
growth [37]. Heavily deformed areas are sites of primary recrystallization while as the 
phenomenon proceeds less deformed grains are consumed and new grains are formed. The more 
heavily deformed the primary grains the finer the recrystallized grains. Recrystallization 
becomes easier as the alloying content of the material is lowered. Meza-Garcia et al [39] 
observed dynamic recrystallization in AZ31 at about 200°C while Anbuselvan and  
Ramanathan [40] in ZE41A between 390-430°C. Factors that mainly affect the grain growth 
rate are the heat treatment temperature, the initial grain size, shape and orientation and also the 
material purity and homogeneity. This makes commercially pure magnesium more prone to 
both mechanisms than its alloys. Grain growth in general is not very pronounced for 
temperatures under 400°C, while over 400-500°C it can be extensive.  
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2.3.5 Processing 
 
The hexagonal closed packed crystal system shows considerably fewer active slip planes  
than the faced-centred cubic (fcc) and the body-centred cubic (bcc) systems. This makes  
the motion of dislocations more difficult and thus the deformation of magnesium at  
low temperatures is restricted. Thus the majority of magnesium forming processes are 
conducted at elevated temperatures [41].  
 
A number of different fabrication processes are used in the production of magnesium  
and magnesium alloy components. Cast and wrought products are further processed through 
rolling, forging or extrusion.  
 
Of all the used processes, extrusion is the least exacting. Even two phase alloys that are too 
coarse grained and heterogeneous to be rolled or materials with impurity films along their grain 
boundaries that ruin the cast properties can be successfully extruded [32]. The strong 
dependence of magnesium’s plastic deformation on temperature allows a wide range of 
properties to be obtained by altering the working temperature. The extrusion temperature can 
vary from the recrystallization temperature of wrought products in the vicinity of 400°C, to the 
cold working region of 300°C where a great deal of cold work is done in the material [37]. 
According to other researchers [42] the range might be slightly different; namely 250-450°C, 
since it is strongly related to the alloy type. The majority of magnesium extrusions are 
conducted according to the conventional forward mode (paragraph 3.2.2). Hollow products are 
usually extruded through the “spider” device (paragraph 3.4). Relatively high extrusion ratios 
are favoured in order to completely break up the structure of the cast billet. However, high 
reductions and high extrusion speeds can cause a pronounced increase in temperature by both 
friction between the billet and the tooling and adiabatic heating. If the temperature cannot be 
dissipated rapidly, the solidus of the alloy can be reached and defects like hot shortness can 
occur (paragraph 3.8.2). Slightly lower tooling temperatures than the billet are commonly used 
in an attempt to alleviate this problem. Lubrication might or might not be used depending on the 
alloy and extrusion conditions. However, full lubrication (between the billet and all the 
components) is not a common practice during the forward extrusion of magnesium [32]. 
Depending on the surface quality of the billet prior machining may be necessary to remove the 
segregated layer from the original cast ingot. 
 
2.3.6 Deformation 
 
The plastic deformation of magnesium and magnesium alloys occurs by slip at elevated 
temperatures and a combination of slip and twinning at lower temperatures. Both basal  
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(two independent slip modes) and prismatic slip systems (other two independent slip modes) 
allow slip only along the  directions of the hcp crystal [43]. However, this is not enough to 
satisfy the von Mises yielding criterion that dictates that there must be five independent active 
systems in order for arbitrary shape change to occur during the deformation of a polycrystalline 
material [39, 43-45]. Thus, 1012 twinning and 11221123  +  pyramidal slip  
(four independent slip modes [46]) that allow a contribution to deformation in the  
c + a direction are important contributors to the plasticity of the material. Since prismatic slip 
operates at elevated temperature, twinning is more important in the low temperature  
regime. According to Meza-Garcia et al [39] in AZ31 twinning plays an important role up  
to 200°C, above which its activity decreases. The main slip and twinning systems can be seen  
in Figure 2-2. The limited number of crystallographic mechanisms available in magnesium 
renders other features like compression banding and the grain boundary deformation  
important in the deformation of the material [47].  
 
 
Figure 2-2  Slip and twinning systems in magnesium [46]. 
 
2.3.6.1 Slip 
 
Slip can be macroscopically identified as the irreversible shear of a crystal part with respect to 
another under shear stress without the breaking of a large number of inter-atomic bonds or 
crystallographic reorientation (as in twinning) [37]. The two main slip systems in magnesium 
and magnesium alloys are basal 00011120 and 10111120 [48], the first operating  
at low and the latter at elevated temperatures [32]. Tan et al [44] found that for temperatures 
under 100°C only the basal 00011120 system operates. Between 100°C and 200°C the 
prismatic 10101120 system is activated and operates in addition to the basal system. For 
temperatures over 200°C pyramidal 10111120 and 11221123 are activated. However, 
Gehrmann et al [49] report that texture analysis of the plain strain compression specimens of 
AZ31 reveal that the prismatic slip system does not contributes substantially to deformation 
a1 
a2 
a3
c 
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over 100°C, while the pyramidal slip system at 200°C is still insufficient. According to  
Al-Samman et al [50] deformation during the compression of AZ31 between 200°C and 300°C 
is accommodated by twinning and prismatic slip while over 400°C a combination of prismatic 
slip, pyramidal slip and basal slip operates.  
  
2.3.6.2 Twinning 
 
The close-packed 1120 directions are the only verified slip planes in magnesium. 1120 
directions lie on the basal planes and no matter how many of the slip systems operate  
general plastic deformation is not possible. Thus other mechanisms, the principal of  
which is twinning, must be involved in the plastic deformation of polycrystalline magnesium. 
The main twining systems in magnesium are the 1012, 3034, 1013 and 1124, with 
10121011 the most frequently observed. 1012 twinning is favoured by compression 
parallel to the basal plane and by tension perpendicular to it [37, 50]. Twins with 3034 habit 
planes are the result of double twinning. When 1011 twins undergo a second twinning on  
the 1012 plane, end up with a 3034 habit plane. 
  
2.3.7 Texture 
 
Generally, operations that involve the application of large strains in a single deformation step 
like extrusion, lead to the development of sharp crystallographic textures [51]. Processing 
magnesium at higher temperatures results in weaker textures. Deformation of hcp metals  
causes the alignment of their basal planes with the direction of the major compressive  
strain. In magnesium, low temperature basal slip orients the basal planes parallel to the material  
flow direction [32]. Thus low temperature magnesium extrusion tends to align the  
0001 planes parallel to the extrusion direction. Yu et al [52] mention that when direct chilled 
cast ingots of AZ31 magnesium were homogenized and then extruded to sheet  
(1.5 mm x 100 mm cross-section) at 400°C and under an extrusion ratio of 42:1, the extrudate 
developed a duplex texture. The dominant texture component was the 00021010, while  
the 10101120 was secondary. Annealing at 450°C for 3 hours moderately strengthened 
both components. This is in accordance to Chang et al [53] and Wan et al [54] that also give a 
basal 0002 texture for hot extruded AZ31 magnesium.  
 
Recrystallization seems to have a strong effect on the developed texture. Yu et al [52] rolled 
their extruded sheet to a 30 % thickness reduction and found that the 10101120 texture 
component got considerably stronger at the expense of the 00021010 texture component. 
They attributed this phenomenon to rotation during dynamic recrystallization. Beausir et al [48] 
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also identified a 30° rotation of the hcp grains of  rolled commercially pure magnesium  
around their c axis due to recrystallization that took place in the temperature range  
of 200°C-350°C. For lower reductions (22 %) Chang et al [53] observed a 10° rotation of  
the basal texture from the normal direction towards the rolling direction. Higher  
billet temperature, higher tooling temperature, insufficient lubrication, high extrusion  
ratio and speed are factors that increase the temperature of the extrusion product and thus  
might affect the recrystallization texture component [55].  
 
Imparting additional strain to the material after the texture has developed might cause fracture,  
even if the strain increment is minor [31]. Thus a strong texture limits the formability of  
magnesium components. 
 
 
2.4  Titanium 
 
2.4.1 Occurrence and Extraction 
 
Titanium is a common metal since it is the fourth most abundant metal after aluminium, iron 
and magnesium [56]. It occurs in a number of mineral deposits in the Earth’s crust and 
lithosphere, water bodies and soils, but principally in rutile (TiO2) and ilmenite (FeO.TiO2) [57]. 
 
2.4.2 Material History 
 
Titanium was first discovered in 1791 by William Gregor in an ilmenite mineral from Cornwall 
(UK), although it was Martin Heinrich Klaproth in 1795 that systematically and methodological 
analyzed rutile from Hungary and identified the new metal. Thus it was Klaproth that named the 
new element after the Titans of Greek mythology [57]. 
 
The high tendency of titanium to react with oxygen and nitrogen rendered the production of 
ductile, high purity titanium metal very difficult for many years. The early attempts of reduction 
of TiCl4 with Na or Mg lead only to the production of brittle titanium metal. As with zirconium, 
the first commercially viable production method of titanium was only achieved into the  
20th century with the Kroll process. The Kroll process for titanium also involves the treatment of 
titanium ore with carbon and chlorine gas (carbochlorination) to produce titanium tetrachloride 
(TiCl4) (equation 2.3). Titanium tetrachloride (TiCl4) is then reduced with molten magnesium 
under argon atmosphere to produce metallic “sponge titanium” [58]  (equation 2.4). 
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( ) ( ) ( ) ( )gggs COTiClCClTiO 2422 2 +→++  (eq. 2.3) 
 
( ) ( ) ( ) ( )lslgg MgClTiMgTiCl 24 22 +→+  (eq. 2.4)  
 
However, the Kroll process is time consuming and costly. The production cost of titanium  
(per ton) is 70 % more than aluminium and 14 times more than of steel [2]. The inefficient 
reduction in conjunction to the high cost needed for the processing of the metal renders  
it a relatively expensive metal. This created a high need for advances in the near-net  
shape metalworking techniques [59]. 
 
2.4.3 Applications of Titanium  
 
The main beneficial properties of titanium are its high specific strength and its good resistance 
to corrosion. The first engineering use of titanium was in gas turbine engines  
and other aerospace applications where high specific strength at elevated temperatures  
is critical. About 80 % of titanium produced is still used in aerospace [2], mainly in airframes 
and aero-engines [57]. Each successive generation of airframes generally shows an increased  
usage [58, 60]. The high corrosion resistance of titanium (especially of the commercial  
pure, CP, titanium) enables its use as a structural material in non-aerospace applications, in the 
chemical industry and the medical field (medical tooling, implant materials). A challenging area 
for titanium is mass-produced automobiles [57]. The main reason for the restricted use of 
titanium in this field is it high cost. Other applications comprise sporting goods (golf clubs and 
bicycles), watches and jewellery.    
 
2.4.4 Metallurgy of Titanium 
 
2.4.4.1 Titanium Alloying 
 
The physical metallurgy of pure titanium is dominated by the allotropic transformation that  
it undergoes at 882.5°C from the low temperature hexagonal close packed α phase  
to the body-centred cubic β [61]. Beta phase persists up to 1678°C, the melting point of the 
material [2]. The lattice parameters of both α and β titanium phases are given in Table 2-4. 
  
Phase  Alpha Phase - α Beta Phase - β 
Crystal Structure  Closed packed hexagonal Body-centred cubic 
Lattice Constants α 2.9503±0.0004 Å 3.32 Å 
Axial Ratio c/ α 1.5873±0.0004 - 
 
Table 2-4  Crystal structures of the α and β phase in titanium [57]. 
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The transformation temperature is strongly altered by the existence of alloying elements. 
Elements that dissolve preferentially in the α phase, such as aluminium (substitutional),  
oxygen, nitrogen and carbon (interstitial) [57], increase the β transus temperature and  
expand the α field. On the contrary, elements that dissolve into the β phase decrease the 
transformation temperature. The former are known as α stabilizers, while the latter as  
β stabilizers. There are two types of β stabilizers; the isomorphous and the eutectoid, depending 
on the type of the binary system that they form with titanium. The isomorphous β stabilizers 
such as vanadium, molybdenum and niobium are substitutional, while the eutectoid chromium, 
iron and silicon are interstitials [62]. Apart from the α and β stabilizers there are some elements 
(tin, zirconium) that are nearly neutral.    
 
Titanium alloys are grouped into classes depending on the fraction of the two allotropic phases 
in their microstructure [61], namely; pure α, near α, α+β, near β, pure β (Figure 2-3). 
 
Figure 2-3  Titanium phase diagram showing the main alloy categories; Ms and Mf stand for the 
starting and finish lines of the martensitic transformation respectively [61]. 
 
α alloys 
 
The composition of α alloys is such that the β phase can not be retained at room temperature, 
nor in a stable or a metastable form [61], since the β grains transform fully to α upon  
cooling. Thus the microstructure of these alloys consists either of equiaxed α grains  
(if the material was deformed and recrystallized in the α field) or of larger transformed β grains 
(if the material was deformed in the β field) [61]. If quenched from the β field, α alloys develop 
a martensitic α´ structure in which the original β grains remain visible [2]. The grains produced 
are large and thus the martensitic transformation does not produce intense hardening of the 
material. If slow cooled from the β phase a Widmanstätten microstructure is produced. Alpha 
alloys comprise mainly commercial pure titanium (CP Ti) alloyed with O and some alloys 
hardened by solid solution (through the addition of α stabilizers such as Al, Sn, O and Zr [59]). 
α 
Ms/ Mf 
α+β 
Metastable  
β alloy 
 
Stable  
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The major difference between the different grades of commercially pure titanium is their 
oxygen and iron content [63]. Alpha alloys possess a high rate of work hardening that  
limits their formability. However, they exhibit very high corrosion resistance and weldability, 
since they are not heat treatable. One of the many applications of α titanium alloys  
(Ti-3Al-2.5V) is in fuel and hydraulic tubes in aircraft [60].  
 
Near α alloys 
 
Near α alloys apart from α stabilizers, also contain small quantities of β stabilizing elements that 
broaden the α+β region  (up to 2 wt. % [63]). This enables the hot working of the material in the 
α+β field and thus improves their formability and tensile strength. Small amounts of metastable 
β phase can be retained if sufficient solute enrichment take place as the material passes through 
the α+β field upon cooling [58, 59, 64]. Near α alloys exhibit the highest creep resistance of all 
titanium alloys at temperatures ≥400°C, rendering them ideal for higher temperature 
applications [61], such as components in the compressor section of aircraft gas turbines [2].   
 
α+β alloys 
 
These alloys contain sufficient amounts of both α and β stabilizers (4-6 wt. % [2, 59]) that lead 
to a broad α+β phase field that extends down to room temperature. This enables the formation 
of a wider range of microstructures than the α alloys and thus a broad range of properties, 
depending on the thermomechanical process that the material experiences. In general, they 
exhibit relatively higher tensile strength, improved formability but reduced creep strength and 
weldability [2, 64]. Their main use is for forged components as the fan blades of jet engines [2]. 
Ti-6Al-4V is the most commonly used α+β titanium alloy, e.g. in aero-engine for blades and 
discs, and in airframes.    
 
Near β alloys 
 
Titanium α+β alloys with sufficient quantities of β stabilizers to depress the Ms/Mf line to room 
temperatures are known as near β alloys, or as metastable β alloys. The high levels of  
β stabilizing elements slow down the kinetics of α nucleation and growth and thus enable the 
existence of β phase even at room temperature and after slow cooling. The extensive depression 
of β transus enables the forming of metastable β alloys at relatively low temperatures.  
Ti-10V-2Fe-3Al for example can be forged at about 800°C, while Ti-6Al-4V for similar forging 
loads requires a temperature of 950°C [59]. Near β alloys are the strongest titanium alloys due 
to the fine scale α that can precipitate and harden the material. Near β alloys are most commonly 
used in aircraft landing gear. 
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β alloys 
 
In pure β alloys the quantity of the β stabilizers is sufficiently high to make the β phase 
thermodynamically stable at room temperature [2]. However there are very few commercially 
available pure β alloys [61]. Thus the term is expanded to incorporate metastable β alloys  
where the martensitic transformation does not take place; either from quenching or applied  
load [58]. These alloys exhibit very good cold formability and can develop high strength 
through the potential for age hardening that they possess [59]. Beta alloys such as Ti-15-3  
(Ti-15V-3Cr-3Sn-3Al) and Beta III (Ti-11.5Mo-6Zr-4.5Sn) are used as high strength aircraft 
sheet parts, fasteners and springs [58, 59].  
 
2.4.4.2 Microstructure 
 
Depending on the alloy composition and the thermomechanical history of the material a number 
of different microstructures can develop. Both diffusion-controlled and diffusionless 
transformations are involved. 
 
Primary α 
 
As primary α phase, is defined the α structure that exists in the material prior to the 
thermomechanical process and remains untransformed in the final product. Prior α grains 
exhibit two possible morphologies, equiaxed and lamellar [59] depending on the material 
history, but primarily on the last working process [62]. When the alloy is heated in the α+β field 
the volume fraction of the α phase diminishes as β phase starts to form. The diffusion-controlled 
character of the α→β transformation dictates that, given enough time in the α+β temperature 
range an equilibrium volume fraction of the two phases will be achieved [59]. Slow cooling 
from the α+β field will result in growth of the primary α grains. Equiaxed α phase is produced 
by heavy deformation below the β transus [62] and by recrystallization.   
 
Transformed β 
 
Transformed β or secondary α phase is the α phase that has developed from the transformation 
of the β phase upon cooling through the β transus. When a titanium alloy is very slowly cooled, 
α grains nucleate and grow rapidly at the prior β grain boundaries. Alpha lamellae then grow 
through diffusion into the β matrix. Retained β phase of the same orientation as the parent β is 
found between the α lamellae [65]. The orientation of the α phase is dictated by the Burger’s 
relationship and thus there are twelve different variants of α phase that can grow from a parent  
β grain. When air cooled, an acicular Widmanstätten structure nucleates and grows on preferred 
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crystallographic planes of the β phase [59] that exists between the α grains. If the cooling rate is 
faster the developed Widmanstätten is of basket-weave form and the β phase as semi-continuous 
matrix. Clusters of α laths with the same orientation form colonies that behave like individual 
grains [60] since the low misorientation between the α plates allows easy slip transfer [61]. 
  
Martensite 
 
Titanium and titanium alloys undergo a martensitic transformation upon fast cooling that 
involves the cooperative movement of atoms by shear processes [57], since the fast cooling  
rate renders the diffusion controlled processes insufficient to relieve the required amounts  
of system energy [58]. If the alloy contains small quantities of β stabilizers the martensite  
has a hexagonal structure referred to as α´. Martensitic α´ tends to form colonies of  
parallel-sided plates. If the alloy possesses an increased β stabilizing content the  
Ms/Mf temperature is lower than in the previous case and the martensitic phase has an 
orthorhombic crystal structure. This second martensitic phase is known as α˝. Martensitic phase 
of either hexagonal or orthorhombic structure has been reported to form in quenched metastable  
β alloys by applying an external force. According to Jackson [59] the required stress can be  
as low as 150 MPa, but increases with increasing amounts of hydrogen.   
 
Metastable β 
 
This is a non-equilibrium β phase that forms upon cooling of titanium alloys with high  
β stabilizer content. The quantity of β stabilizers must be such that depress the  
Ms/Mf temperature below room temperature. Otherwise, the quenching of the material will lead 
to the formation of either α´ or α˝ martensite.  
 
Omega phase (ω) 
 
Two types of omega phases are known, the isothermal and the athermal. Isothermal  
omega phase is a non-equilibrium phase that can develop when alloys containing metastable  
β phase are isothermally aged below 500°C [59]. Athermal ω phase is created through  
a diffusionless reaction upon the quenching of β phase.  
 
A very useful correlation between the potential microstructures of a titanium alloy and the 
resulting mechanical properties can be found in reference [59]. 
 
In commercial pure titanium alloys only a limited number of microstructures are observed, due 
to the single phase nature of an α alloy. If worked and annealed in the α field its microstructure 
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is characterized by equiaxed α grains. Their size is relatively small since the temperatures 
involved are low. Possible impurities might pin the grain boundaries and make the effect  
more intense [2]. Air cooling from the β field creates a Widmanstätten α structure, while 
quenching a martensitic α´. 
  
2.4.5 Processing 
 
The processing of titanium alloys can be divided in two parts. The first consist the primary 
processing of the material and involves all the necessary processes for the production of a solid 
metal with a microstructure and texture that ensures a proper response during the subsequent 
deforming steps. Initially the material is vacuum melted multiple times so that chemical 
homogenization is achieved. Then the ingots are heated in the β phase field and cogged in an 
open forge press [58, 59] in order to break their cast structure. During forging the ingot is 
rotated around its longitudinal axis and moved forwards to produce a longer billet with smaller 
diameter. Further deformation takes place in the α+β field to import sufficient stored work in the 
material and thus secure full recrystallization during the following static recrystallization heat 
treatment in the β phase field [59]. Cooling of the alloy after recrystallization produces fine 
scale intragranular α precipitates that are more readily converted into an equiaxed structure [58]. 
Afterward, the material undergoes a secondary processing sequence until a finished product is 
created. Several thermomechanical process used in the production of titanium final products are 
extrusion, forging and rolling. The secondary thermomechanical processing of  
CP titanium is confined to the control of the crystallographic texture and grain size, since the  
α titanium alloys are not heat treatable [57]. 
 
Extrusion is a very important fabrication process of titanium, especially when considering the 
high cost and low productivity of other forming process [66]. Both CP titanium and titanium 
alloys are extruded relatively easy and high quality products are feasible. The required pressure 
is relatively high since it usually exceeds the extrusion pressure of steels. The extrusion 
temperature varies depending on the alloy, the tooling temperature and the other extrusion 
parameters (especially extrusion ratio, extrusion speed and the shape complexity of the 
extrudate). In general temperature is kept at about 950-1000°C [66]. During extrusion, as in all 
other deforming processes of titanium, adiabatic heating should be considered, especially when 
the extrusion ratio and speed are high as the resultant heating of the material is significant [67]. 
Lubrication is of high importance during titanium extrusion, if products of good surface quality 
are required, due to the susceptibility of titanium to galling (wear due to friction) [2]. The most 
common technique used is lubrication with glass [68]. Some difficulties have been reported in 
straightening titanium extrudates, since unwanted deformation of the material or even fracture 
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can occur if the material is attempted to be straightened cold. Therefore it is beneficial to 
straighten the extrudate directly after extrusion, whilst the component is still hot. 
  
2.4.6 Deformation 
 
The plastic deformation of titanium and titanium alloys occurs by slip, twinning or  
a combination of the two. The dominant deformation mechanism is dictated by which of the two 
requires less stress to initiate and sustain the plastic deformation, as in zirconium [69]. The grain 
orientation seems to have a strong effect on the type of dominant mechanism. According to 
McQuillan [66] if a specimen with its basal plane normal to the loading axis is strained in 
tension it will deform almost entirely by slip. However, if it has its basal plane parallel to the 
loading axis it will initially deform by basal plane slip and then it will deform by twinning [66]. 
Twinning is a very important contributor to the plasticity of α phase at low temperatures, since 
twinning deformation modes activate in addition to slip to accommodate deformation [57], 
while at higher temperatures slip seems to have a key role [70]. According to Lutjering [57], 
twinning is suppressed nearly completely in the α+β and β alloys by the small dimension of  
the α precipitates and the high solute content.  
 
2.4.6.1 Slip 
 
The hexagonal α-phase titanium deforms by slip on the 0001, 1010 and 1011 planes in 
the 1120 directions (Figure 2-4), while the 11221123 system has also been observed in a 
number of titanium alloys. From the combination of these planes with the three  
close packed directions there are 12 possible slip systems, 8 of which are independent. 
However, the combined action of slip on the 0001 and 1010 planes produces exact the 
same shape change with the 1011 slip system. Thus the independent slip systems  
are restricted to 4. The first order prismatic 10101120 is the predominant slip system while 
the 10101120 is the next more common. Rosi et al [66] reported that slip along  
the 1011 planes occurs only after all three 1010  slip system are operating. Slip along  
the basal plane is even more difficult to occur. The predominant slip systems in the bcc β phase 
operate on the 110, 112, 123 planes and along the 111 direction [57]. 
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Figure 2-4  Slip systems in alpha titanium [71]. 
 
2.4.6.2 Twinning 
 
However, the four independent slip systems observed in titanium are not sufficient for 
homogenous plastic deformation to take place (five independent slip systems are required) [72]. 
Thus twinning compensates the insufficient independent slip systems to satisfy the  
strain compatibility conditions [73, 74]. The main twinning planes of α titanium are  
the 1012, 1121 and 1122 [66]. The first is the most frequently observed [75], while  
the other two are activated at higher stress levels and lower temperatures [76] (Table 2-5).  
 
Twinning on the 1012 and 1121 planes and along the 0001 direction occur under tension 
and have as a result an extension along the c-axis. On the contrary 11220001
 
twinning 
occurs under compression and thus causes a contraction of the c-axis [57, 74]. The shape change 
associated with 1121 and 1122 twinning is shown in Figure 2-5. 
 
Twin Plane 
K1 
Shear 
Direction 
Second 
Undistorted 
Plane K2 
Direction 
Twinning Shear 
Experimental Theoretical 
1012 1011 1012 1011 1210 0.167 
1121 1126 0002 1120 1100 0.638 
1122 1123 1124 2243 1100 0.225 
 
Table 2-5  Twin elements of titanium at room temperature [57]. 
a1 
a2 
a3 
( )0002
0211
3211
{ }0110{ }2211
{ }1110
c 
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Figure 2-5  Twining shear in  and  planes of titanium [57]. 
 
The frequency of twinning appears a function of the composition of the alloy, the orientation of 
loading and the testing temperature [74]. Anderson et al [66] observed that when the loading 
axis is normal to the basal planes, only 1012 twinning takes place, while as the angle between 
the basal planes and the compression axis decrease the 1121 twins become more prominent. 
All three main twinning systems are observed at ambient temperatures [74]. Kim et al [77] 
observed 1011 twins in specimens deformed at room temperature by equal channel angular 
pressing, while other researchers made the same observations in material compressed at 
temperatures above 400°C [57, 78]. Zeng et al [79] concluded that during the early stages of 
compression in CP Ti the deformation is accommodated by all slip systems, apart from the 
basal, as also from the 1012 twinning system. As deformation increases, slip becomes more 
prominent since basal, first and second-order pyramidal slip systems become active. At the 
same time 1011 twins appear, while the 1012 twins diminish. This is in accordance to 
Chun et al [80] who after rolling CP titanium to different reductions proposed the cooperative 
character of twinning and slip mechanisms for low reductions and the dominance  
of slip at higher reductions. Twinning in titanium and titanium alloys can be suppressed  
by either grain size refinement [81] or increasing of the solute atom content like oxygen  
and aluminium [57, 70, 74, 76]. In the absence of twinning the importance of 11221123 
slip system increases since this is the only slip mode that permits a shape change in the  
c-axis [70]. The 1012 twins are generally thick and lenticular, while 1121 are thin and 
lamellar. 1122 twins exhibit an intermediate form between those of 1012 and 1121 [66]. 
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2.5  Zirconium 
 
2.5.1 Occurrence and Extraction 
 
Zirconium is a relatively common element, and with abundance estimated at about 100 parts per 
million is the 21st most abundant element in the earth’s crust [82]. It is never found in nature as 
a free metal, but it is always strongly bonded with other elements. There are at least 35 known 
minerals of zirconium, most of which have no commercial significance. The two principal 
economic sources of zirconium are the zirconium silicate mineral, zircon (ZrSiO4) and the 
zirconia or zirconium oxide, baddeleytite (ZrSiO2). Zircon, which is by far the more important 
source, is found mainly in igneous rock and also in the gravel and sand produced as igneous 
rock erodes. Thus, it is very often found mixed with silica, ilmenite and rutile. In zircon, 
zirconium and hafnium are contained at a ratio of about 50:1 and thus are difficult to separate. 
The most important of these ores are located in the south-eastern United States, in Australia, 
Brazil, India and Russia. Commercial quality zirconium has a content of ~1-3 % hafnium. 
Baddeleyite is also extracted from sand and gravel deposits, but unlike zircon viable deposits 
contain relatively high concentrations of zirconium oxide and thus can be used without refining. 
This mineral is much scarcer than zircon, with significant amounts occurring only in Brazil, 
Russia and Florida. World resources are estimated to be more than 60 million tons worldwide. 
  
2.5.2 Material History 
 
Zirconium was discovered in 1789 by Martin Heinrich Klaproth in a stone brought to him from 
the island of Ceylon (Sri Lanka), commonly known for many years as Jacinth or Jargon. 
Previous analysis of jargon showed: 25 % silica, 40 % alumina, 13 % iron oxide and 20 % lime, 
while Klaproth’s results where: 25 % silica, 5 % iron oxide, and 70 % of a new element, 
zirconia (Zirkonertz). The name of this new element originated from the Persian word  
zargun, which means “gold colour” and describes the colour of the gemstone known as Jacinth, 
Jargon, Hyacinth or Ligure.             
 
The impure metal was first isolated in 1824 by the Swedish chemist, Jons Jacob Berzelius, by 
heating a mixture of potassium and potassium zirconium fluoride (K2ZrF6) with sodium in a 
small decomposition process that he developed. Nevertheless the forms of the metal that could 
be isolated during the nineteenth century were impure and thus very brittle. Obtaining pure 
zirconium is very difficult because it is chemically similar to hafnium, an element which is 
always found mixed with deposits of zirconium. Apart from J.J. Berzelius, this effort defeated 
also other chemists such as Humphry Davy, Wedekind and Ferdinand Moissan. The first ductile 
metal of good purity was made by the reduction of resublimed zirconium tetrachloride with 
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high-purity metallic sodium in a sealed pressure bomb, first by D. Lely, Jr and L. Hamburger in 
1914 in Germany [83] and later in the early 1920’s by Cooper and Hunter in the USA [84]. The 
Dutch chemists Anton E. van Arkel and J. H. de Boer, invented in 1925 the first method of 
purifying useable quantities of zirconium [83]. The main disadvantage of this thermal iodide 
process by which zirconium tetraiodide was thermally decomposed was its high cost. It was 
only twenty years later that William Justin Kroll invented a cheaper process, using magnesium 
to break down zirconium tetrachloride. This technique is able to produce large quantities of pure 
zirconium for industrial use, at relatively low cost. According to Lustman and Kerze [83], the 
first step in zirconium production is its release from its silicate bond. This can be achieved by 
either the formation of zirconium carbide, zirconium carbonitride, or the separation of the oxide 
from the silica. Afterwards, the zirconium carbonitride or the purified hafnium-free oxides are 
chlorinated to produce zirconium tetrachloride. The fluffy tetrachloride is then densified either 
by compaction or liquefaction. Dense zirconium tetrachloride is then purified and reduced  
with magnesium by passing through molten Mg, in an inert atmosphere. The product obtained  
is a metallic mass in the form of porous sponge known as “sponge zirconium” (Figure 2-6). 
 
 
 
Figure 2-6  a) Sponge zirconium, b) Zirconium lump [85]. 
 
Sponge zirconium is then heat treated in a vacuum, where the magnesium chloride is removed 
from the zirconium, partially by melting and partially by distillation [83, 86]. Next it is broken 
up into small lumps (Figure 2-6), compacted with alloying elements and melted in an arc 
furnace. The ingots are double arc melted in order to produce homogenous alloys [71].  
 
2.5.3 Applications of Zirconium 
 
Although initially zirconium was confined to applications that did not require large quantities, it 
posses a unique combination of physical, chemical and nuclear properties which indicate that it 
may be used in several applications. 
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Nuclear Power Industry  
 
Zirconium is mostly used in nuclear applications, which accounts for 85-90 % of the zirconium 
metal produced. This is consumed in the production of fuel containers and nuclear product 
casings [71]. As much as 150,000 meters of zirconium alloy tubing are used per fuelled reactor. 
Etherington [83] states that the materials used in the nuclear reactors must protect the fissile 
material from corrosion, provide a surface through which heat-transfer can take place and 
provide adequate structural support. Thus the materials used must exhibit [83, 86]: 
 
• High corrosion resistance to the heat-transfer medium at operating temperatures.  
• High mechanical strength and stability under severe stresses. 
• Low neutron absorption cross section.  
• Leakage reliability in high temperature, high pressure, corrosive, dynamic and 
radioactive systems. 
• Resistance to mechanical damage by radiation. 
• Adaptability to simple remote maintenance and repair. 
 
Zirconium has properties that make it particularly suitable for these uses since it has exceptional 
corrosion resistance under certain conditions, high strength, even at elevated temperatures, and 
can have high resistance to mechanical damage by radiation. However the key factor is its 
extremely low neutron absorption cross-section (0.18 ± 0.02 barns1) that does not result in the 
absorption of thermal (slow) neutrons, thus improving the efficiency of the nuclear reactor. The 
scattering cross-section of zirconium is 8 ± 1 barns [83]. On the other hand hafnium’s neutron 
absorption cross-section is 600 times higher than zirconium’s (115 barns) [83]. Therefore 
reactor-grade zirconium alloys must be made of exceptionally purified zirconium, with very low 
percentage of high neutron absorption cross-section elements (such as boron and cadmium) and 
free of hafnium contamination. The main removal processes in use are: liquid-liquid extraction, 
which exploits the difference of solubility of metal thiocyanates in methyl isobutyl ketone, and 
extractive distillation. Zirconium and hafnium are two of the most difficult elements to separate 
and this is one reason why the price of reactor-grade zirconium (0.01 % hafnium) is about ten 
times that of hafnium-contaminated commercial grade (1-3 % hafnium) [83].   
 
Apart from being the key element of the permanent structural components of the internal part  
of nuclear reactors, zirconium is also used as an alloying element; either to increase the bulk,  
or modify the properties of the fuel. Zirconium alloys (and more specifically Zircaloys) are used  
as clad material that protect the fuel and prevent the contamination of the heat-transfer medium  
by radioactive products [83]. 
                                                 
1
 1 barn = 10-24 cm2 
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Chemical Equipments        
 
Zirconium is exceptionally resistant to corrosion by many common acids and alkalis, by sea 
water and many other agents due to the formation of a protective oxide or nitride film at its 
surface as a result of the reaction with oxygen and nitrogen of the atmosphere. This does not 
make it completely inactive, but it should not be neglected that even without this protective 
formation, zirconium is resistant to weak acids. According to Jaffee [83] zirconium is resistant 
to solutions high in H2SO4 (up to 70-80 %) and to all concentrations of NaOH. It’s resistance to 
hydrochloric acid is also very good. Some typical applications are components such as pumps, 
valves and valve fittings, tubes, agitators and mixers, immersion heaters and heat exchangers 
that must operate in corrosive environments [86].  
 
Biomaterials 
 
Zirconium has very low toxicity. Thus there are no restrictions for control of health hazards  
and it is suitable for biocompatible implants, such as artificial joints and limbs, screws and  
skull plates [83]. Comparisons with other metals used in this field, such as stainless steel, 
tantalum and silver, showed that zirconium caused no measurable reaction in muscle, bone  
and brain. Tantalum and zirconium were the most suitable metals, with almost identical 
properties, the first being slightly more neutral electrically and the second less toxic [86].     
 
Other Applications 
 
Other uses have been found for zirconium, such as an alloying agent in steel to remove nitrogen 
and sulphur from iron, thereby enhancing the metallurgical quality of the steel.  Zirconium is  
a very effective grain refiner in magnesium, magnesium-zinc, magnesium rare earth,  
magnesium-rare earth-zinc and magnesium-thorium alloys [87]. It is also used as a getter in 
vacuum tubes, in photoflash bulbs and surgical equipment, in the tanning of leather, in lamp 
filaments and rayon spinnerets. When alloyed with niobium, zirconium becomes a 
superconductor at low temperatures and is used to make superconducting magnets with possible 
large-scale electrical power uses [88]. Zirconium is known to be pyrophoric element and that 
must be taken into account when machining. When finely divided, it may ignite spontaneously 
in air, especially at elevated temperatures (250°C-300°C according to Kalish [83]), leading to its 
use in military incendiaries such as Dragon’s Breath [87]. It is also planned for use in  
the baseline variant of the AGM-154 Joint Standoff Weapon for incendiary effects [89]. The 
solid metal is much more difficult to ignite. Its carbonate was used in poison-ivy lotions. 
Zirconia is used in laboratory crucibles that can withstand heat shock after been stabilized with 
yttrium (YSZ), for linings of metallurgical furnaces, and as a refractory metal by the ceramic 
Chapter 2 - Literature Review 
 
58 
 
and glass industries. Cubic zirconia, a hard, clear, gem-like material, is marketed as inexpensive 
diamond-like gemstone. The zirconium carbide and nitride are very hard and thus are used in 
producing abrasives and sharp edged instruments. The nitride has been recently used as an 
alternative to titanium nitride for coating drill bits.     
 
2.5.4 Metallurgy of Zirconium 
 
2.5.4.1 Zirconium Alloying 
 
Considerable research on the alloying theory of zirconium was undertaken during the late  
nineteen-fifties and early sixties, but since then less has been achieved [90]. The main reasons 
were the adequate knowledge already achieved and the lack of further refinement of the existing 
theory. However the structure and phase stability of the transition metal alloys is a matter of 
great theoretical and practical interest, due to their strong influence on the functional properties, 
on mechanical strength, toughness, creep and corrosion resistance [91], and thus on the 
applications of these alloys. 
 
Zirconium (Zr), as the other Group IV transition elements titanium (Ti) and hafnium (Hf), at 
room temperature and zero pressure exhibits an hcp (α phase) structure as the stable solid  
phase [92], while at more elevated temperatures this phase transforms into a bcc (β phase) 
structure (Figure 2-7).  
 
 
Figure 2-7  Zirconium phase diagram [93]. 
 
Also at room temperature (and up to 700°C for Zr) but at high pressures the α structure of these 
elements transform from hcp into a hexagonal phase with three atoms per unit cell, which  
is called the omega phase, ω [92, 94-97]. Below 862°C it is a hexagonal close packed  
(hcp) crystal, while above this temperature and up to 1855°C, the melting temperature of Zr,  
a body-centred cubic (bcc) crystal. Pure zirconium displays strong anisotropy. This anisotropy 
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strongly influences the engineering properties of zirconium and its alloys, and must always be 
taken into account. At room temperature (RT) and room pressure (RP), α
 
Zr
 
is hcp, while at RT 
and at 2 GPa according to Young [95] and 2.2 GPa according to S.K.Sikka et al [94] and 
B.Olinger et al [98], Zr transforms to the hex(3) ω phase. At room pressure and 862°C, the  
hcp α phase transforms to the bcc β phase [95, 99]. The α-β-ω triple point is found to be at 
700°C and 6.7 GPa [95]. The ω-β phase boundary has been determined to lie at 7.5 GPa. The 
melting point of zirconium is 1855°C. Although its melting curve has not been fully determined, 
its slope is known from isobaric-heating measurements.  
 
Langeron & Lehr and Gaunt & Christian [100] reported a similar crystallographic behaviour of 
zirconium according with its allotropic transformation to that proposed by Burgers [101, 102]: 
 
( ) { } βαβα 11102111100001 and  (eq. 2.5) 
 
The fact that the close-packed planes and directions of the hexagonal and the cubic crystal  
lie parallel might presumably mean that only a minimum amount of atomic rearrangement  
is needed to achieve the phase transformation [83]. According to Langeron and Lehr [90] this  
is a diffusionless transformation in which the atoms move co-operatively involving a  
gliding mechanism, and may occur rapidly; it is very similar to the one that occurs in  
martensite formation and posses certain analogies to bainite formation. This combination of 
shifts and expansions parallel to definite axis is responsible for the β → α phase transition  
of zirconium, rather than grain growth. The principal strains derived from the  
Bowles-Mackenzie [103] and Christian [90] theories for body-centred cubic (bcc) to hexagonal 
close-packed (hcp) transformations are: 
 
2 % expansion along 011, which becomes 0001 
 
10 % expansion along 011, which becomes 0110 
 
10 % contraction along 100, which becomes 2110 
 
A geometric model for the transformation of a body-centred cubic (bcc) lattice into a hexagonal 
close packed (hcp) lattice can be found in reference [104].  
 
The addition of alloying elements to pure zirconium can either increase or decrease the  
α → β phase transformation temperature, depending on which crystal type they stabilize [58].  
Small amounts of impurities, particularly oxygen [105], also affect the transformation 
temperature (Table 2-6).  
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Temperature Oxygen content 
oC oF 1640ppm 1370ppm 970ppm 
955 1750 β β β 
930 1710 α + β β β 
925 1700 α + β β β 
920 1690 α + β β β 
915 1680 α α + β β 
910 1670 α α + β β 
905 1660 α α + β β 
895 1640 α α + β α + β 
890 1630 α α α + β 
885 1625 α α α + β 
865 1590 α α α 
855 1575 α α α 
 
Table 2-6  Variation in allotropic transformation temperature with oxygen content [105]. 
 
 
Finley J.A. [83] categorizes the zirconium binary alloy systems in five main types: 
 
1. Extended α area (raise of α→β transus), as the Zr-Al, Zr-O, Zr-Sn and Zr-N systems. 
 
2. Extended β area (depression of α→β transus), as the Zr-Nb, Zr-Th and Zr-U systems. 
 
3. Fe-Fe3C (eutectic and eutectoid) as the Zr-Ag, Zr-Be, Zr-Co, Zr-Cr, Zr-Cu, Zr-Fe,  
Zr-Mn, Zr-Mo, Zr-Ni, Zr-V, Zr-W and Zr-H systems. 
 
4. Miscellaneous (including 1, 2 and 3 types) as the Zr-C, Zr-Ge and Zr-Si systems. 
 
5. Complete solid solubility, as the Zr-Hf and Zr-Ti systems. 
 
Dwight [106] calculated this change in the temperature of the allotropic transformation of 
zirconium through the Oelsen-Wever approach [107]: 
 
RT
Qβ
β
α
χ
χ −
=ln  (eq. 2.6) 
 
where:  αχ , the atomic per cent solute in solution in α  
βχ , the atomic per cent solute in solution in β  
BQ , activation energy  
R , the gas constant 
T , the transformation temperature (K) 
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The eutectoid temperatures and maximum alpha and beta solubility of some zirconium binary 
systems can be seen in Table 2-7. The corresponding values of the same titanium binary 
systems are also cited.    
 
Alloying 
element 
Eutectoid temperature (°C) Max. α solubility, at. % Max. β solubility, at. % 
Zr Ti Zr Ti Zr Ti 
Molybdenum 780  <0.2  21 100 
Manganese 795 550  0.5 10.2 30 
Iron 800 585 0.02 0.5 8.7 23.2 
Copper 822 785 0.2 2 5.4 13.8 
Chromium 835 685 <0.2 <0.5 7.6 100 
Niobium 615    100 100 
Vanadium 780  1.5  17 100 
Nickel 808 770 2  2.9 11 
Hydrogen 850 320 50 9 >50 50 
 
Table 2-7  Εutectoid temperatures and maximum alpha and beta solubility for some zirconium and 
titanium binary systems (from[83]). 
 
All the alpha stabilizers, elements such as oxygen, nitrogen, antimony, tin, cadmium, lead, 
beryllium, hafnium and aluminium that are more soluble in the alpha phase and tend to increase 
the beta transus, having negative values of BQ . Many binary alloy phase diagrams between 
these elements and zirconium exhibit a peritectic or a peritectoid reaction at the zirconium-rich 
end. On the other hand, beta stabilizing elements, such as chromium, niobium, copper, iron, 
manganese, molybdenum, tungsten, uranium, cobalt, nickel, tantalum, vanadium, thorium  
and silver decrease the beta transus and have positive values of BQ . In the phase diagrams  
of many of the binary alloy systems between zirconium and the β stabilizing elements, there is  
a eutectoid reaction. The phase stability of zirconium is also influenced by low-solubility 
intermetallic compound formers such as carbon, silicon and phosphorous. These elements have 
very low solubility in zirconium, even at temperatures above 1000°C, and readily form stable 
intermetallic compounds that are relatively insensitive to heat treatment. Intermetallic 
compounds can also be formed during the β → α transformation of zirconium containing 
impurities such as iron and chromium, which are soluble in β zirconium but relatively  
insoluble in α zirconium. Their size and distribution is dominated by the temperature  
and microstructure at the final β → α transformation and also by subsequent mechanical 
working at lower temperatures. The ductility and corrosion resistance of these alloys is reduced 
by the migration of impurities to grain boundaries, during heat treatment at temperatures near 
the α/β transus, or in the α+β region. 
 
It has to be pointed out that in contrast to titanium there is no zirconium binary system  
where the beta phase stabilizes to room temperatures at relatively small amounts of alloy 
additions [83]. Some of the aforementioned titanium systems are the Ti-Mo, Ti-Fe and Ti-V. 
The corresponding Zr-Mo and Zr-V systems fall in the type 3 alloy category, while the  
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Zr-Nb into category 2. As seen in Table 2-7, titanium exhibits considerably higher beta 
solubility than zirconium. Finley J.A. [83] attributes this to the smaller atom size of titanium. 
 
The most common commercial zirconium alloys are Zircaloy-2, Zircaloy-4, Zr-1Nb and  
Zr-2.5Nb, Zr-2.5Nb-0.5Cu and Zr-1Nb-1Sn-0.1Fe (Table 2-8). The Zircaloys are generally used 
for fuel cladding but also for pressure tubes. Their major alloying element is tin (Sn) which 
tends to lower the stacking fault energy of zirconium and strongly influences the workability 
and creep strength of the alloy. Zr-2.5Nb is the successor alloy for pressure tube materials. Its 
main alloying element, niobium (Nb), is mainly used to improve its creep strength, but also its 
oxidation and corrosion resistance. Zr-2.5Nb-0.5Cu alloy is used for garter springs. The 
addition of Cu lowers the α → β transition temperature and partitions entirely to Zrβ, thereby 
changing the ageing kinetics of the alloy. Copper is also expected to modify the deformation 
characteristics of the β phase in the α+β region. The Zr-1Nb-1Sn-0.1Fe alloy is used as  
a calandria material due to its superior corrosion resistance and irradiation stability [108]. Thus 
the most common alloying elements are tin, niobium and oxygen. Tin and oxygen act as alpha 
stabilizers, while niobium stabilises the cubic beta phase. 
 
Material (wt. %) Sn Nb Fe Cr Ni Cu O (ppm) 
Zirconium  - - - - - 1000 
Zircaloy-2 1.2-1.7 - 0.07-0.2 0.05-0.15 0.03-0.08 - 1000-1400 
Zircaloy-4 1.2-1.7 - 0.18-0.24 0.07-0.13 - - 1400 max 
Zr-1 wt. % Nb - 0.6-1.0 - - - - 900-1300 
Zr-2.5 wt. % Nb - 2.4-2.8 0.08-0.1 - - - 900-1400 
Zr-2.5Nb-0.5Cu - 2.4-2.5 0.08-0.1 - - 0.36-0.5 1000-1200 
Zr-1Nb-1Sn-0.1Fe 1.08-1.15 1.10 0.098 0.018 - - 1000-1200 
 
Table 2-8  Typical compositions for the commercial zirconium alloys wt. % [71, 108, 109]. 
 
2.5.4.2 Microstructure 
 
As Lustman [83] describes, when zirconium with 0.39 wt. % oxygen is slow cooled or held high 
in the α region, coarse equiaxed grains with smooth boundaries are formed. More rapid cooling 
gives rise to the formation of a “basket-weave” or a “Widmanstätten” structure. Quenching of 
the same material from the β phase field gives an almost acicular microstructure. If the material 
apart from the 0.39 wt. % oxygen is also contaminated with nitrogen and is quenched,  
a martensitic structure is formed. However, when high purity zirconium is rapid cooled or 
quenched the grains are nearly equiaxed, with scalloped edges along the grain boundaries [83].  
 
The microstructure of zirconium alloys can be more complex. In the annealed condition both  
Zr-2.5Nb and Zircaloys exhibit equiaxed α-grains (Table 2-9). When Zircaloys are heated into 
the α+β phase region (Figure 2-8) and slow cooled to room temperature, second phase particles 
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precipitate in their grain boundaries. Under the same heat treatment the microstructure of the 
annealed Zr-2.5Nb does not change [71] (Figure 2-9). Upon slow cooling from the β phase into 
the α+β field, α zirconium nucleates at the β phase grain boundaries to form a Widmanstätten 
structure [71]. Many zirconium alloys undergo an athermal or an isothermal β-decomposition 
leading to transition phases, before the equilibrium phases are formed. Upon quenching  
from the β field, two structures might occur (apart from the untransformed bcc β phase):  
 
• The hcp α´ phase, which forms from the parent phase through a martensitic 
transformation. 
 
• The omega (ω) phase, which forms by a displacive transformation involving the 
collapse of (111) bcc plane [110, 111]. 
 
Phase  Alpha Phase - α Beta Phase - β 
Crystal Structure  Closed packed hexagonal Body-centred cubic 
Coordination Number  6.6´ 8´ 
Lattice Constants α 
c 
3.230 ± 0.002 Å 
5.133 ± 0.023 Å 3.59-3.62 Å 
Axial Ratio c/ α 1.589 - 
Interatomic Distances d1 d2 
3.62 Å 
3.62 Å 3.62 Å 
Phase  Martensite Phase – α´ Omega Phase - ω 
Crystal Structure  Closed packed hexagonal Hexagonal 
Coordination Number  - - 
Lattice Constants α 
c 
3.25 Å 
5.22Å 
5.04 Å 
3.13 Å 
Axial Ratio c/ α 1.61 0.621 
 
Table 2-9  Crystallographic properties of zirconium alloys phases [71]. 
 
 
 
 
Figure 2-8  Zirconium-Tin system [112]. 
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Figure 2-9  Zirconium-Niobium system [112]. 
 
Martensite 
 
Under non equilibrium cooling conditions of rapid solidification, α´ martensitic phase might 
form in zirconium alloys [113-117]. The martensitic transformation is characterized by Ms, the 
temperature at which the reaction starts. Ms is a function of composition, decreasing  
with increasing solute in the β phase for substitutional solutes, while with increasing content  
of interstitial solutes it may decrease or increase [90] (Figure 2-10).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-10  a) Effect of composition on the Ms temperature of zirconium [90], b) Effect of Nb 
content on the Ms and ωs temperature in case of Zr-Nb alloys [113]. 
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In addition to changes in composition, varying the cooling rate has also lead in  
observed changes in the allotropic transformation temperature. Stewart et al [118] observed a 
decrease in the β → α transformation temperature of about 100oC when cooling at a rate  
of 3000oC.s-1 (Figure 2-11), while previous studies on pure zirconium indicate a decrease of 
only ~10-15oC at cooling rates up to about 8000oC.s-1 [119, 120].  
 
 
 
 
 
 
 
Figure 2-11  Effect of cooling rate on the allotropic transformation temperature in Zr [118]. 
 
The hcp martensites formed in zirconium and titanium based alloys by the transformation of the 
high temperature bcc solid solution, exhibit two types of morphologies, the lath (massive) 
martensite and the plate (acicular) martensite. The structure of the martensite is related to the 
alloy composition. Increasing niobium content in Zr-Nb alloys causes a continuous transition 
from large colonies of lath martensites, through smaller lath colonies, to individual plates of 
acicular martensites. Lath martensites tend to align parallel (or near parallel) to one another in a 
given group. According to Srivastava et al [121] in Zr-Nb alloys the interface of the lath 
martensite becomes straighter and the lath colony smaller in size by increasing the niobium 
content. Its volume fraction decreases with increasing solute concentration. The width of the 
laths can range from less than 0.1 µm to several µm, but more frequently exhibit widths between 
0.1 and 0.2 µm. Generally the laths formed in the first stages of transformation are larger than 
the ones formed later, which are finer. 
 
As well as the hexagonal α´ martensitic, there are also reports of a second martensitic phase, 
orthorhombic α˝. The transformation of the hexagonal α´ phase into the orthorhombic α˝ phase 
has been observed in many quenched titanium-based alloys with metals of V-VIII groups, 
containing an adequate amount of β-stabilizing elements. The structure of the α˝ phase 
represents an intermediate structure between the β and α´ phase. Douglass [90] presented the 
following lattice parameters for α´ and α˝ phases in the case of a Zr-Th alloy (Table 2-10).  
 
Th (at. %) Phase c / a ao (Å) bo (Å) co (Å) V atom (Å3) 
19.5 α˝ - 3.33 5.58 5.29 24.67 
23.8 α˝ - 3.35 5.61 5.28 24.89 
22.2 α´ 1.606 3.252 - 5.223 23.92 
23.8 α´ 1.607 3.253 - 5.229 23.96 
 
Table 2-10  Lattice parameters of the α´and α˝ phases of a Zr-Th alloy [90]. 
Rate of cooling (°C.s-1) 
750 
800 
850 
900 
α 
β 
Ms α´ 
100 101 102 103 104 
Te
m
pe
ra
tu
re
 
(°C
) 
862 
Chapter 2 - Literature Review 
 
66 
 
Taluts and Dobromyslov [122] found that of the binary systems of zirconium with V, Cr, Mn, 
Fe, Co, Ni, Nb, Mo, Ru, Rh, Pd, Ta, W, Re, Os, Ir, Pt, the orthorhombic α˝ phase formed only in 
the Zr-Ta, Zr-Mo, and Zr-Re. Two factors prevent the formation of α˝ phases in other zirconium 
binary systems; the eutectoid decomposition of the β phase and the formation of metastable 
omega. In zirconium alloys the ω-phase is formed at lower concentrations of β stabilizers [122]. 
 
Widmanstätten precipitation 
 
During the quenching of Zr-Nb and Zr-Nb-X alloys with more than 15 at. % solute, where the 
usual distorted α´ martensite can not form (due to the existence of very high solute)  
the formation of Widmanstätten precipitation has been observed. This phase forms 
martensitically on the 100 planes of β phase, and the favoured structure is likely to be  
the monoclinic. The crystal parameters of the two possible structures for the Zr-15Nb-5Mo 
alloy [90] can be seen in Table 2-11:  
 
Orthorombic Monoclinic 
a0 = 5.29 ± 0.01 Å a0 = c0 = 3.55 ± 0.01 Å 
b0 = 4.74 ± 0.01 Å b0 = 3.92 ± 0.01 Å 
c0 = 3.92 ± 0.01 Å β = 96o 13´±30´ 
Z = 4 atoms / cell (fcc) Z = 2 atoms / cell (bcc) 
V = 98.22 ± 1.00 Å3 V = 49.11 ± 0.50 Å3 
 
Table 2-11  Crystal parameters of the two possible structures of a Zr-15Nb-5Mo alloy [90]. 
 
Omega phase (ω-phase) 
 
Sikka et al [94] report that an α → ω phase transition can take place in all group-IV metals such 
as zirconium, titanium and hafnium if the material is subjected into high pressure. No critical 
concentration of an alloying element is required in order to form the phase, since it has been 
observed in high-purity zirconium at pressures in excess of approximately 5.9 GPa [90]. The  
ω phase in Zr is stabilized at 2.1-6 GPa according to Sikka et al [94] and at 2.2 GPa according  
to Xia et al [96, 99]. Researchers, such as Xia et al [96, 99], also observed that a phase  
transition from ω → β can be induced in zirconium alloys by subjecting them to even higher 
pressure (of the order of 30 ± 2 GPa).  
 
At ambient pressure, the β → ω transformation can take place either by: 
 
• Directly by rapid quenching from the β phase [71, 90, 94, 110, 111, 123-130]. 
 
• Ageing a quenched, Nb rich β-phase in the temperature range of 200-500°C [71, 126]. 
 
• Irradiation in the temperature range of 30-300°C [126]. 
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In the first case the transformation mechanism has a displacive character, while in the other two, 
diffusional atom movements are involved [131]. The ω phase developed after aging is referred 
to as “isothermal” or “metastable” ω, while when it is formed after rapid quenching of the 
material and co-exists with retained β phase it is known as “athermal” or “diffuse” ω. In both 
cases the phase is metastable and eventually reverts to the stable α structure [90].  
 
The formation of athermal ω phase in a Zr-Nb alloy is possible only if the β phase contains 
more than 7 wt. % Nb before quenched [71]. If the Nb concentration of β phase is lower, the 
material has to be quenched from the α+β field, where the β phase is more enriched in Nb.  
However, there is a limit concerning the minimum temperature from which if the material  
is quenched ω phase will be formed. The reason is that whereas the β phase is continuously 
getting more enriched in Nb as the temperature decreases, its volume decreases [71]. In a  
Zr-2.6 wt. % Nb, ω phase can be formed if quenched from around 760°C. The ω phase 
precipitates are relative fine. According to Cheadle [71] the ω phase developed through aging 
has square form and a mean size of about 25 nm.     
 
This displacive and diffusionless transformation involves the collapse of the intermediate 
(111)bcc layers into double layers [94], leaving the neighbouring plane unaltered (Figure 2-12). 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 2-12  Omega-(ω) phase transformation in a binary alloy; (a) atomic (111) planes in  
a bcc lattice (β-phase) before the transition, (b) partial collapse and (c) complete collapse of 
neighbouring planes [129]. 
 
Banerjee and Dey [132, 133] regard the β → ω phase transformation as the change of  
the ABCABC stacking of the (222) lattice planes of the bcc structure to the AB´AB´ stacking  
by the collapse of B and C planes onto the intermediate B´ plane, while the A layer  
remain unaltered.  
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This displacement is a periodic one and is described as:  
 
pdp XKAU ωsin=  
 
where: Ad is the amplitude, Kω (= 2pi / 3d222) is the wave vector of the displacement wave and  
Xp (=  p d222) the distance of the pth (222) plane from the origin. 
 
The β → ω phase transformation is defined as a displacive one because it involves cooperative 
movement over small distances, which are fractions of lattice translation vectors.  
 
Dey et al [132] discovered that an ω transition from a two-phase mixture of α-Zr and β-Nb can 
be induced by the application of shock pressure. The ω phase produced by this  
β → ω transformation has a plate-shaped morphology, similar to the α´ martensitic phase of 
zirconium. Each one of these plates is a single crystal. The orientation relationship between the 
ω phase and the β phase is the same as in the thermally induced ω phase case:  
 
{ } ( )ωβ 0001//111  and ωβ 0211//011
 
 
The ω phase induced by shock pressure exhibits a plate-like morphology, while the one 
developed after quenching exhibits a dual β + ω structure with fine-particle morphology. The 
plate-like morphology, the distribution of different variants, the partitioning of β grains and the 
adherence to strict habit planes indicate a shear mechanism. The morphology of the quenched  
ω phase coincides with a static longitudinal displacement. 
 
Zirconium Hydrides 
 
At elevated temperatures (≥ 500°C) zirconium and zirconium alloys absorb large quantities  
of hydrogen in solid solution. This ingress takes place either through the corrosion reaction  
of zirconium with the heavy water coolant, D2O, at the inner diameter of the pressure  
tube [134, 135], or from the gas annulus region that is filled with dry commercially pure N2 or 
CO2 which may contain hydrogen impurities. Analyses claim that this kind of gas may contain 
up to 1 vol. % D2 [136]. At the operating temperatures of pressure tubes the solubility limit  
of hydrogen along  the tube varies from 30 ppm at the inlet region to about 60 ppm at the  
outlet [136]. This variation is due to the temperature gradient along the tube.  
 
The solubility of hydrogen decreases with decreasing temperatures (Figure 2-13). Thus, 
although zirconium and zirconium alloys can dissolve up to 450 ppm hydrogen in solid solution 
at about 500oC, at 300oC the hydrogen solubility decreases to 65 ppm so as to finally reach the 
remarkably low amount of 0.05 ppm at room temperature [137]. 
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Figure 2-13  Zirconium-hydrogen phase diagram [71] 
 
If at the operating temperature of pressure tubes, which range between 250oC at the inlet  
to 300oC at the outlet [134, 138], the local concentration of hydrogen (results by summing both 
isotopes; H, which is present as an impurity element in the zirconium or zirconium alloy and D, 
the generated deuterium) exceeds the solubility limit, hydrogen precipitations will be  
formed [134, 139]. When diffusion of hydrogen atoms occurs to a service-induced flaw, hydride 
platelets precipitate on appropriately oriented crystallographic planes of the zirconium alloy 
matrix and a hydrided region develops at the flaw root. The pressure tube is then susceptible to 
crack initiation and propagation due to fracture, in or around hydride platelets [134, 135, 139]. 
This process is known as Delayed Hydride Cracking (DHC). DHC can be prevented by: 
 
• Limiting the total hydrogen concentration to less than the terminal solid solubility limit 
(TSS), or less than 0.3 at. % anywhere in the tube. 
 
• Constraining the total applied tensile stress and its amplifications by flaws to less than 
the critical value to fracture hydrides. 
 
• Minimizing the duration of exposure to deuterium diffusion and tensile load. 
 
Since the total hydrogen amount is given by deuterium ingress plus the initial quantity of 
hydrogen of the alloy, efforts to restrict it to low levels should be exerted on both contributors. 
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Up to 1993 the maximum hydrogen concentration for the pressure tubes was 25 ppm  
(0.23 at. %), but in practice the values fluctuated between 10.3 ppm (0.095 at. %) and 18 ppm 
(0.16 at. %) [140]. This means that hydrides would form at ~220°C. With an average increment 
of 1 ppm (0.005 at. %) of D at the inlet end per year, the service life of a pressure tubes would 
be ~26 years. However, the specification was changed in the 1990s, decreasing the allowed 
concentration of hydrogen to < 5 ppm. 
 
The amount of deuterium penetrating in the pressure tubes can be reduced through the control of 
the zirconium alloy composition and through the alteration of its surface [140]. Research has 
shown that small additions to Zr-2.5Nb of Cr, Fe, Mo and Si improve the behaviour of the alloy 
while elements such as Ni, Mn and Ti should be avoided [141]. For cold-worked pressure tubes, 
shot peening is beneficial because it “obliterates” the original microstructure of the heavily 
cold-worked surface layer. Especially if this is followed by heat treatment, a new microstructure 
with reduced niobium in the α-phase and a more uniform β-Nb precipitate dispersion is 
produced, factors that promote corrosion resistance. So long as hydrogen ingress is a surface 
phenomenon we can reduce its impact by increasing the volume in which it is distributed. In this 
way its concentration is reduced and the formation of the hydrides postponed.  
 
 There are three reported stoichiometric hydride phases in zirconium (Table 2-12),  
namely; gamma (γ), delta (δ) and epsilon (ε). Both gamma (γ) and epsilon (ε) possess a  
face-centred tetragonal structure (the former with c/a > 1 and the latter with c/a < 1 [142]), 
while the delta (δ) phase has a face-centred cubic structure [71, 90, 134, 142]. According to 
Root et al [134] and Steinbruck [143] the hydrogen atoms in the face-centred cubic cell  
of δ phase hydride are randomly distributed among the eight possible tetrahedral sites, while in 
the tetragonal unit cell of the γ phase hydride the H atoms are found on the tetrahedral sites of 
the 110 planes. Barraclough and Beevers [142] state that the structure of both δ and ε phase 
hydrides is based on the CaF2 structure [142, 144, 145]. The general chemical type of zirconium 
hydrides is the ZrHy. When y takes values from 1.5 to 1.67 according to Cheadle [71], and from 
1.6 to 1.67 according to Barraclough and Beevers [142], a delta (δ) phase hydride forms  
with a hydrogen content between 61.4 to 62.5 % [90]. Gamma (γ) is a decomposition product  
of the delta (δ) phase. In slow cooled alloys the decrease of the hydrogen content from ZrH1.6 to 
ZrH1.3 lead to an increase in the γ phase volume by up to 44 %. For values of y higher than 1.67 
and up to the limiting value of 2, hydrides exhibit the epsilon (ε) phase [71, 90] (Table 2-12). It 
has to be mentioned that although the lattice parameters of δ phase hydrides do not change with 
composition, these of ε phase seem to be strongly influenced.  
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Phase Structure Zr-Hy Cooling Rate 
γ Face Centred Tetragonal y: 1.5-1.67 [71], 1.6-1.67 [142] Fast cooling 
δ Face Centred Cubic y: 1.5-1.67 [71], 1.6-1.67 [142] Slow cooling 
ε Face Centred Tetragonal y: > 1.67 [71, 142] - 
 
Table 2-12  Hydride phases in zirconium [71, 142]. 
 
Figure 2-14 indicates that increasing the content of hydrogen increases ao and decreases co. The 
c/a ratio of ε hydride can also be seen to decrease with increasing H/Zr. Root et al [134]  
found that the lattice parameter of the face-centred cubic cell of δ phase hydride was,  
a = 0.4768 nm, while those of γ phase were a = b = 0.4586 nm and c = 0.4948 nm. According  
to Kempter et al [146], Yakel et al [147] and Goon and Malgiolio [148], the c/a ratio  
of ε hydride increases with increasing temperature due to the slight decrease of ao and  
the larger increase in co with increasing temperature.  
 
 
 
Figure 2-14  Effect of H content on the lattice parameters of zirconium hydrides, δ and ε [90]. 
 
It has been reported that the delta hydride, δ, transforms upon cooling from above the eutectoid 
temperature from the face-centred cubic structure to the face-centred tetragonal lattice  
of γ phase [90]. Root et al [134] through neutron diffraction experiments detected a sharp 
decrease in the dominant γ phase hydrides and a simultaneous increase in the δ phase hydride, 
when the material was subjected to heating over 180 ± 10°C. Both hydrides dissolved 
completely if heated over 400°C. On subsequent cooling the hydrides re-precipitated, this time 
with the δ phase dominating, even below 180°C. The nature of this δ → γ hydride 
transformation is claimed by Whitwham et al [149] to be pseudo-martensitic.  
 
Under some very special conditions, such as when quenching very pure zirconium from a 
temperature at which all the hydrogen is in solution, or when very large quantities of hydride  
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(of the order of several thousand ppm) are present, the presence of hydrides can increase the 
strength of the zirconium alloy. In reality however the hydrogen concentration is about  
200 ppm. This parameter, in conjunction to the very low ductility of the hydrides leads to the 
belief that their presence has more negative than positive effect on the mechanical behaviour of 
the zirconium alloy components. Zirconium hydrides are found to be so embrittling that even 
small quantities can have a serious effect on the ductility of zirconium components. 
Temperature, hydrogen concentration, hydride size and orientation are important factors that 
attention has to be paid in order to avoid DHC.  
 
2.5.5 Processing 
 
Zr-2.5Nb is used as the pressure tube material in both CANDU and Indian design pressurized 
heavy water reactors. Although the two reactor types use the same material-component, they are 
fabricated through a different thermo-mechanical processing sequence. In both cases the first 
steps are the same. Initially the material is vacuum melted multiple times so that chemical 
homogenization is achieved. Then the ingots are forged in order to break their cast structure and 
β-treated in an attempt to give a random orientation to the grains [138]. Afterwards, the 
fabrication routes differentiate.  
 
The CANDU pressure tubes are fabricated through four different routes (Figure 2-15). The first 
and main fabrication route that Atomic Energy of Canada Limited (AECL) followed is known 
as “the conventional fabrication route”. This procedure consists of hot extrusion of the material 
at 800-815°C and an extrusion ratio of 10/11:1 [150], followed by cold working of 25-30 % and 
autoclaving at 400oC for 24 hours [138, 151, 152]. Later, AECL developed three modified 
fabrication routes in an attempt to improve the in-reactor performance of the pressure tubes. In 
modified fabrication routes I, II and III the material is extruded at 800-815°C and under an 
extrusion ratio of 7.8:1. The material following route I is then cold drawn by 40 %, stress 
relieved at 500°C for 6 hours and finally autoclaved at 400oC for 24 hours. The material in 
modified route II is cold drawn by 20 % (instead of 40 % as in the modified route I), stress 
relieved at 650°C for 0.5 hours, then cold worked again by 20 % and finally autoclaved at 
400oC for 24 hours. The pressure tubes following the modified fabrication route III are annealed 
after extrusion at 700°C for 0.5 hours, then cold drawn by 40 %, stress relieved at 475°C for  
6 hours and finally autoclaved at 400oC for 24 hours [138]. 
  
On the other hand, the Indian pressure tubes are extruded at 800°C with an extrusion ration of 
8:1, and then they are stress relieved by being heated at 480°C, in vacuum, for 3 hours. 
Afterwards, a two stage pilgering (or plug-rolling) is required, with an intermediate annealing 
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step between them. The first pilgering leads to a 50-55 % reduction, while the second to a 25 % 
reduction. The tubes are finally autoclaved by heating them at 400°C for 36-72 hours [153]. 
This fabrication route is similar to the modified fabrication route II of AECL but is not 
identical; sometimes it is termed the “the modified route II” [108, 154]. The Indian fabrication 
route uses a lower extrusion ratio in order to create less elongated α grains, more uniform 
microstructure and less intense circumferential basal pole texture. This is believed to improve 
the mechanical properties of the pressure tube under irradiation as also its irradiation resistance. 
The stress orientation of the zirconium hydrides is also suggested to be more difficult [138]. In 
order to achieve this level of cold work two pilgering steps must be used instead of the cold 
drawing used in the conventional route [153]. Better control of the pressure tube dimensions and 
higher productivity are also claimed. 
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Figure 2-15  Flow sheet for original 
processing routes of Zr-2.5Nb pressure tube fabrication 
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2.5.5.1 Modified Indian Fabrication Route 
 
When Zr-2.5Nb is water-quenched from β or high in the (α+β) phase field, the β phase 
transforms to martensitic α´ structure [71]. Since the solid solubility of zirconium is about  
0.6 wt. %, the α´ phase is supersaturated in Nb [71]. This single phase α´ martensitic structure 
transforms during the pre-heat of the material to form acicular α plates. The β phase nucleates 
on the grain boundaries [153]. During extrusion, both α and β phase have nearly the same 
volume fraction. As the hot extruded material cools down, the α grains grow at the expense of 
the β phase. The extruded tube exhibits two types of hcp α grains. The first are relatively large 
single grains with a mean size of 0.5-1 µm along the hoop direction (HD), often surrounded  
by βbcc phase. This type of α crystal often exhibits a high aspect ratio (radial-RD:hoop-HD),  
in the range of 1:1-1:7 (with an average ratio of 1:3). The second type of α grains are finer,  
0.1-0.2 µm, with a fine β dispersion in about 10-20 % of the overall microstructure [154]. This 
bimodal grain size distribution is explained by Kumar et al [154] through the β → α phase 
transformation. In their work they state that at the hot extrusion temperature the volume of the  
β phase is larger and so the large α plates are those which nucleate at the early stages of the 
process.  On the other hand, when there is noticeable absence or discontinuity in the β phase, 
high angle boundaries and significant misorientation are observed in the deformed α grain. The 
microstructural changes occurring during annealing are restricted to the spherodization of  
the β and the recovery of the α phase. No significant recrystallization or grain growth occurs, 
since the average grain size does not change notably due to pinning (Zener pinning) by the 
second, β, phase. Continuous recrystallization is possible during hot extrusion, but not during 
the latter fabrication stages. Although continuous recrystallization is common during the static 
annealing and/or deformation of single-phase zirconium alloys, it is not in this two-phase 
system. Spherodization after annealing is responsible for more α-α interactions, resulting  
in strong textural changes during the second pilgering step of 25 % reduction in thickness.  
This step brings out the discontinuity at the β phase boundary more effectively than the first 
pilgering step. Nevertheless, the thickness of the α grains is not visibly affected. The final  
step of the fabrication process (autoclaving) does not modify the size of the α grains, indicative 
of the absence of recrystallization, but does lead to spherodization of the β phase [154].   
 
2.5.5.2 Original CANDU Fabrication Route 
 
Pressure tubes fabricated according to the original CANDU route exhibit heavily elongated and 
strongly textured αhcp phase grains, surrounded by a very thin and nearly continuous grain 
boundary network of βbcc phase [151]. The findings of Li et al [150] from pressure tubes 
produced through the CANDU thermo-mechanical process are in accordance to this. The 
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developed microstructure consisted of highly elongated α grains along the extrusion direction 
surrounded by retained βZr. From microscopic observations along the cross section of the 
pressure tube they also observed that the α grains were flattened and folded on the radial-hoop 
plane, with their longer axis along the hoop direction. The mean size of the α phase was found 
to be 0.2-0.3 µm for billets that were β quenched prior to extrusion and 0.5-1.0 µm for billets 
that were slow-cooled. Li et al [150] attributed the development of this microstructure to the 
growth of the existing promonotectoid α grains. Folding of the α grains on the radial/hoop plane 
was also observed by Holt et al [155]. Apart from the elongated grains along the extrusion 
direction Holt et al [155] also observed a large number of grains (50 %) arranged in colonies or 
parallel groups that were not aligned along the extrusion direction.  
 
2.5.6 Deformation 
 
The plastic deformation of zirconium and zirconium alloys occurs by two mechanisms; namely 
slip or twinning. Slip and twinning act either separately or simultaneously as complementary 
mechanisms.  The dominant deformation mechanism depends on which of the two requires less 
stress to initiate and sustain the plastic deformation [69]. Zirconium, as other hexagonal close 
packed metals does not posses enough slip planes to accommodate arbitrary plastic deformation. 
That makes twinning a very important deformation mechanism, as a contributor to plasticity 
[156]. The operating deformation mechanisms depend on several factors, namely; the kind of 
deformation, the relationship between the axis of stress and the basal plane pole, temperature, 
grain size, strain rate and the presence of interstitial impurities.  
 
At room temperature α phase deforms by slip on the 1010 planes in 1120  directions, while 
twinning occurs on 1012 and 1121 planes along the 0001  directions under tension, and 
on 1122 planes and 0001  directions under compression (Figure 2-16) [71, 83, 157].  
 
 
Figure 2-16  Slip and twinning systems in alpha zirconium [71]. 
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According to Cheadle [71], for intermediate directions the deformation mechanism will be  
slip or twinning, depending on the orientation factor (Figure 2-17) and on the constraints by  
the surrounding grains. The lower flow stress for slip than twinning results in higher strength 
when the majority of grains have their c axis parallel oriented to the tensile stress axis. 
 
 
Figure 2-17  The orientation factors for prismatic slip and {10ī2} twinning, as a function of the 
angle between the stress axis and the basal plane pole [71]. 
 
2.5.6.1 Slip 
 
At room temperature the hexagonal α phase zirconium during tensile deformation deforms by 
prismatic slip on the 1010  planes in 1120 directions [69, 86, 157-159]. Apart for the main 
10101120  slip direction, Sokursky et al [159] also observed some slip on 1011  planes. 
This was not confirmed by Rapperport and Hartley [160, 161] who between 77 K and 1075 K 
observed only the 10101210 slip system. None of these workers found any evidence of 
basal slip [90], even when some crystals were stressed so highly that the resolved stress on the 
inactive system 00021120  was 25 times higher than the critical resolved shear stress on the 
10101210 system [90]. Cross slip from the prismatic planes to the basal planes has not been 
observed in pure zirconium, but it has been in Zr-H alloys by Westlake [162] who attributed it 
to the presence of fine hydride needles that suppress prismatic glide.  
 
2.5.6.2 Twinning 
 
Twinning takes place mostly on the 1012, 1121, 1122 and 1123 planes. Of these, the 
most frequent is 1121. The 1012 and 1122 follow, while the 1123 plane is the least 
frequent of all, occurring at very high strains in the highly stressed regions near the grain 
boundaries. Twinning occurs on the 1012 and 1121 planes along the 0001 direction 
under tension, and on the 1122 planes and 0001 directions under compression. The nature 
of the twinning shear (Table 2-13) in these twinning modes is depicted in Figure 2-18. 
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Twin Plane 
K1 
Shear 
Direction 
Second 
Undistorted 
Plane K2 
Direction 
Twinning Shear 
Experimental Theoretical 
1012 
2-1 
1011 
2-2 
1012 
2-3 
1011 
2-4 
- 0.167 
1012 
2-5 
1011 
2-6 
1012 
2-7 
1011 
2-8 
0.173 0.167 
1012 
2-9 
1011 
2-10 
1012 
2-11 
1011 
2-12 
0.167-0.181 0.167 
1121 
2-13 
1126 
2-14 
0001 
2-15 
1120 
2-16 
- 0.628 
1121 
2-17 
1126 
2-18 
0001 
2-19 
1120 
2-20 
0.629 0.628 
1121 
2-21 
1126 
2-22 
1,1, 2, 1, 6 
2-23 
8, 8, 16, 3 
2-24 
0.210-0.217 0.216 
1121 
2-25 
1126 
2-26 
0002 
2-27 
1120 
2-28 
0.63 0.628 
1122 
2-29 
1123 
2-30 
1122 
2-31 
1123 
2-32 
- 0.225 
1122 
2-33 
1123 
2-34 
1124 
2-35 
2243 
2-36 
0.228-0.242 0.225 
1123 
2-37 
1122 
2-38 
0001 
2-39 
1120 
2-40 
- 1.883 
 
Table 2-13  Twin elements of zirconium at room temperature [90]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-18  Twining shear in the three most common twinning modes in zirconium [158]. 
 
 
According to Rapperport [161] (Table 2-14), the width of the most common twins is: 
 
Twin Width (µm) 
1012 
2-41 
41 
1121 
2-42 
2 
1122 
2-43 
12 
 
Table 2-14  Twin width [161]. 
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Temperature does not seem to have an effect on the twin planes, since the same planes are 
observed at both low (77 K) and high (302°C-575 K and 802°C-1075 K) temperatures. 
However, it does affect the twin thickness [90]. The thickest twins are the 1012. Under large 
strains they exhibit a lenticular shape, while at lower strains they become thinner and more 
parallel sided. On the other hand the 1121 twins are always parallel-sided and tend to extend 
across grain boundaries, causing thus grain-boundary displacements. Apart from the thickness 
of the twins, their frequency also appears to be a function of temperature. 
 
Westlake [162] proposed three models for twinning. According to the first mode the 
deformation of the twin results from the splitting of a major dislocation 001 into two twinning 
dislocations, plus a dislocation in the twin: 
 
[ ] ( )( ) [ ] [ ]0.121.213/
3/1.00 2
2
+
+
−
→
ac
ac
 
 
This dislocation is characterized by a Burgers vector, $21. 0& and it can further split in two  
other minor dislocations: 
[ ] [ ] [ ]0.110.010.12 +→  
 
In this model all atoms move on 12. 0 planes, half of them occupying intermediate positions 
and thus do not completely satisfy the lattices of both twinned and untwined metals. 
 
According to the second model the 11.2 twins are formed by motion of the atoms out of the  
11. 0  plane by a homogeneous shear on every third plane. The dislocation reaction is: 
 
[ ] [ ] [ ] ( )( ) [ ] [ ]0.211.111/
2/1.101.000.10 22
22
+
+
−
→+
ac
ac
 
 
[ ] [ ] [ ]0.100.110.21 +→  
 
Concerning the third twinning model Rapperport [161] suggests that every seventeenth plane 
shears homogeneously during the 11.1 twinning. A likely dislocation reaction is: 
 
{ } [ ] [ ] [ ] { } [ ] [ ] [ ]3.226/10.101.000.1032.11
/41
/283.226/10.100.114 22
22
++++
+
−
→++
ac
ac
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A factor that considerably affects the deformation by twinning is the presence and the motion of 
impurity atoms, mainly of oxygen. In a hexagonal cell the metals atoms are located either on the 
basal plane or at the plane displaced by c/2 from the basal plane, while the oxygen atoms 
occupy the octahedral sites at planes c/4 and 3c/4 (Figure 2-19) [163].  
 
 
Figure 2-19  Projection of metal atoms (white spheres at level 0 and black at level c/2) and of 
oxygen atoms (+) level c/4 and 3c/4 in the (0001) plane [163]. 
 
 
At low temperatures these crystals deform by both glide and twinning since pyramidal slip, 
which is the only slip system with a glide component in the c-direction, is not very active at low 
temperatures. The effect of oxygen content on the twinning behaviour of such crystals is 
exhibited in the following table (Table 2-15). 
 
Sample 
 
Temperature 
(Kelvin) 
Deformation 
e % 
Total 
Twinning 
Ratio M 
Twinning Mode 
Ratio M  
 
Ratio M  
 
A 
295 
77 
4.2 
12 
38 
10 
0.27 
0.32 
0.65 
0.25 
0.32 
0.65 
Only some 
observed 
B 
295 
77 
4.2 
12 
33 
17.6 
0.18 
0.33 
0.74 
0.15 
0.21 
0.03 
0.3 
0.12 
0.71 
C 77 4.2 
15 
15 
0.45 
0.85 
0.09 
0.10 
0.36 
0.75 
  
Table 2-15  Influence of temperature and plastic strain on the twinning mode of three samples;  
A, B and C, with 0, 96 and 386 atppm of oxygen addition respectively. The factor e is the 
deformation of the specimen in % and the twinning ratio is the percentage of the twinned crystal to 
the total number of grains [163].  
 
 
Kaschner and Gray [69] mention that with exception the 1121 twinning that is accomplished 
only by shear, in all the other cases an additional slight re-ordering of the atoms is required. 
Interstitial impurities reduce the number of the interatomic sites needed for this shuffle and thus 
layer B 
layer B 
layer A 
a 
a´ 
 
 

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raise the required stress for deformation by twinning. Twining is also suppressed when these 
impurities are located in energetically non-favourable positions with respect to the shearing.  
 
2.5.7 Texture 
 
Texture is the result of changes in grain shape and orientation that take place during thermal, 
mechanical and thermomechanical treatments. However, as Kaschner and Gray [69]  
state, crystallographic texture should not be confused with grain morphology. The effect  
of texture on key properties of pressure tubes such as the ductility, tensile properties,  
delayed hydrogen cracking, irradiation creep and growth can be detrimental [152].  
This constitutes the understanding and control of crystallographic texture in pressure  
tubes obligatory. The deformation mechanisms that lead to texture development are not  
the same for different temperatures.  
 
In zirconium, texture develops due to its high anisotropy and the limited number of deformation 
systems that this metal and its alloys exhibit [71, 83, 90]. This texture cannot be randomized by 
recrystallization, but only changed slightly. When the deformation of a grain occurs by slip no 
rotation of the basal pole is observed [71] (Figure 2-20).  
 
 
 
Figure 2-20  Texture of a bar when the deformation mechanism is slip [71]. 
 
On the other hand, when the deformation mechanism is twinning and the basal pole of the 
material is near the tensile axis, the material in the twin has a different orientation (Figure 2-21) 
and the proportion of grains with their basal poles close to the tensile axis is reduced [71].  
 
 
 
Figure 2-21  Texture of a bar when the deformation mechanism is  twinning [71]. 
 
There are several ways to visualize crystallographic texture with the most common being  
the normal and inverse pole figure techniques. The normal pole figures measure the intensity of  
c2 
b2 
a2 
c ˂ c2 
b ˃ b2 
a = a2 
a b 
c 
σ σ 
c1 
b1 
a1 
c ˂ c1 
b ˃ b1 
a = a1 
a 
b 
c 
σ σ 
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one plane in all directions, while the inverse pole figures the intensities of all the 
crystallographic planes in a given direction [164]. 
 
The texture developed during tube extrusion is not fixed but depends on several factors. The 
reduction in area is very high and the direction of the major compressive strain depends on the 
flow pattern. Most of the flow is down the die orifice and the major strain is circumferential. 
The majority of the basal pole normals tend to align along the hoop direction of the tube 
represented by A/AB orientations in Figure 2-22 [165]. Figure 2-22 depicts several idealized 
orientations of the hcp structure in a pressure tube. The orientations A, C and D correspond  
to grains with their basal plane normals parallel to the hoop, radial and extrusion  
directions respectively. Grains with orientations AB, CB and DB have their basal plane normals 
within 40° of the hoop, radial and extrusion direction [164].  
 
 
 
Figure 2-22  Texture expressed in terms of idealized orientations [165]. 
 
The structure of a pressure tube extruded and cooled at room temperature consists of elongated 
α grains, surrounded by a thin film of β phase along the grain boundaries. The developed texture 
is considered to be the result of a combination of deformation mechanisms operating in the 
mixture of these two phases. The deformation of two phase alloys at elevated temperatures is 
the result of one or of the combination of the following mechanisms [153]: 
 
• Deformation of the α phase by prismatic slip and 11201010 twinning. 
• Reorientation of the Widmanstätten α platelets through phase boundary sliding until 
lying normal to the main compression strain. 
• Stress induced phase transformation, followed by grain reorientation due to the 
interaction of imposed strains.  
 
The first deformation mode results to the rotation of the basal poles towards the radial direction 
of the pressure tube, while the other two in the hoop direction. In the case of the two phase 
alloys the texture in the hoop direction is a result of the combined effect of the second and third 
mechanisms described; namely the phase boundary sliding and the stress induced 
Extrusion Direction 
Hoop Direction 
Radial Direction
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transformation [153]. The sliding at subgrain and second phase boundaries in Zr-2.5Nb is 
favoured by the existence of subgrains with low angle boundaries, formed by dynamic recovery. 
According to Kapoor et all [153], single phase Zircaloy-4 at elevated temperatures exhibits a 
radial texture due to glide and twinning. Cheadle and Aldridge [71] report that in standard 
pressure tubes the basal plane normals are predominantly distributed along the hoop direction of 
the tube, with only a few along its longitudinal axis. In the report of Holt and Zhao [155], where 
a thorough study of the bulk texture of Zr-2.5Nb extruded according the CANDU fabrication 
process can be found, three main texture components were identified; radial, hoop and axial. 
The first component is associated with the crystallographic rotation of the α phase due to 
pyramidal, prismatic and basal slip. This type of texture is developed in cold worked tubes, 
when the wall reduction is significantly greater than the reduction in diameter. The hoop texture 
developed in the β-phase and is correlated with the effect of stress on the α → β phase 
transformation and phase boundary sliding. These two components occur in elongated α grains 
with the former dominating at low and the latter at higher extrusion temperatures. The axial 
component is also associated with the β phase texture and the α → β phase transformation,  
but also with the β-Zr that exists during deformation. This type of texture is located  
in the misaligned colonies of grains. Holt and Zhao [155] cite that the predominant  
texture component of conventional Zr-2.5Nb pressure tubes is the hoop. In their work  
they examined two extruded tubes, one β-quenched in oil before extrusion (with a fine 
Widmanstätten structure) while the other was slow cooled from β region (with a coarse 
Widmanstätten structure). The former developed a major hoop component, with a  
weaker secondary along the extrusion direction (Table 2-16). In the second tube a combination 
of radial and hoop texture was found (Figure 2-23). Holt et al [166, 167] also reported  
a hoop orientation of the basal plane normal in Zr-2.5Nb pressure tube produced through  
the CANDU fabrication route (Table 2-17 and Figure 2-24). 
  
Sample Fradial Fhoop Faxial 
Oil Quenched 0.35 0.44 0.21 
Slow Cooled 0.55 0.38 0.07 
 
Table 2-16  Fraction of basal plane normals in the principal directions of the tube [155]. 
 
 
Sample Fradial Fhoop Faxial 
Frond End 0.30 0.64 0.06 
Back End 0.36 0.60 0.04 
 
Table 2-17  Resolved fraction of basal plane normals in the principal direction of a CANDU 
pressure tube, at its frond and back ends [166]. 
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Figure 2-23  (0002) pole figures determined by EBSD for tubes produced from billets that prior to 
extrusion where; a) β-quenched in oil, β) slow cooled [155]. 
 
 
 
Figure 2-24  Basal pole figure of a CANDU pressure tube (mrd 12) [167]. 
 
 
Hindle and Slattery [90] also examined the textures produced by processing, Table 2-18. They 
suggested that hot extrusion leads to an alignment of basal poles in the hoop direction and  
the prismatic poles in the axial direction. Procedures such as tube-reduction, cold-drawing  
and planetary swaging do not seem to change the basic texture, but instead spread the  
maximum intensities of basal poles to either side of the hoop direction. Tubes with their  
basal poles oriented radially exhibit the highest burst strength, due to the higher stress required 
to activate 1122 twinning.  
 
Work on Zircaloy-2 textures indicate that fabrication route significantly affects the developed 
textures [90]. In general, the basal planes normals are absent from the tube longitudinal 
direction. However, they are located near the radial direction and about 30-40° towards the hoop 
direction (or randomly distributed between radial and hoop direction). 
 
 
 
 
 
 
 
HD 
ED 
HD 
ED 
(a) 
ED 
HD 
(b) 
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Tube 
Code Fabrication Details 
Preferred Orientation 
Hoop Direction Axial Direction 
A/1 Cast billet, forged, rolled to a bar, hot 
extruded 19:1.Wall thickness 3.18 mm. 
0001 poles tangential, 
spread ± 20° 
1010 
poles axial 
A/2 
As A/1, followed by one tube reduction 
stage, then annealed.  
Wall thickness 2.18 mm. 
0001 poles tangential, 
spread ± 40° 
1010 
poles ± 20° to 
axial direction 
A/3 
As A/1, followed by three stages of tube 
reduction, annealed after each stage.  
Wall thickness 1.78 mm. 
0001 poles ±10-30° 
about HD and spread ± 50° 
ω
 
poles axial, 
spread ± 30° 
A/4 As A/1, then cold plug-drawn and 
annealed. Wall thickness 0.48 mm. 
0001 poles ± 20-30° 
about HD and spread ± 50° 
1010 poles 
axial and ± 20° 
to axial direction 
but spread ± 30° 
B/1 Cast billet, forged, rolled, hot extruded 11:1. Wall thickness 0.79 mm. 
0001 poles tangential, 
spread ± 20° 
1010 
poles axial 
B/2 As B/1, followed by cold plug-drawing and 
annealing. Wall thickness 0.48 mm. 
0001 poles ± 20-30° 
about HD and spread ± 45° 
1010 
poles ± 25° to 
axial direction 
but spread ± 30° 
C 
As A/3, cold plug-drawn and annealed, 
planetary swaged 15 % and stress relieved. 
Wall thickness 0.76 mm. 
0001 poles ± 20-30° 
about HD and spread ± 40° 
1010 
poles axial, 
spread ± 30° 
D 
Extruded, tube-reduced, mandrel  
plug-drawn, stress relieved.  
Wall thickness 0.81 mm. 
Duplex 0001 poles 
(major component) and 
1120 poles (minor 
component) 
1010 
poles axial, 
spread ± 30° 
E As D, but extra plug-drawing to reduce 
wall thickness. Wall thickness 0.69 mm. 
Duplex 0001 poles 
(major component) and 
1120 poles (minor 
component) 
1010 
poles axial, 
spread ± 30° 
F 
As E, but more plug-drawing and a  
sink-to-size, stress-relieved.  
Wall thickness 0.41 mm. 
0001 poles tangential, 
spread ± 45° 
1010 
poles axial, 
spread ± 30° 
G 
Cast billet, forged, hot-extruded, three stage 
tube reduction, annealed after 1st and 2nd 
stages, 40 % cold work. 
Wall thickness 0.43 mm. 
0001 poles tangential, 
spread ± 60° 
1010 
poles axial, 
spread ± 30° 
 
Table 2-18  Dependence of texture on fabrication procedure (from[90]). 
 
2.5.7.1 The effect of the fabrication process of the tube on texture 
 
The effect of various fabrication processes on the texture formed in Zircaloy-2 and  
Zr-2.5Nb tubes has been investigated by Cheadle et al [90] and Holt and Aldridge [152]. 
Cheadle et al [164] found that Zr-2.5Nb tubes in the as-extruded state had the majority of their 
grains in the hoop direction (A/AB orientations) and a smaller fraction along the radial direction 
(C/CB orientations) (Figure 2-22). The higher the extrusion ratio used, the stronger the  
A/AB texture. This A/AB texture was strengthened even further by subsequent cold-drawing. If 
the Zr-2.5Nb tubes are water quenched (after extrusion) from ~870°, both the A and D/DB 
texture components are strengthened. An additional cold working stage was found to decrease 
the D component and slightly increase the C and A texture.  
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Holt and Aldridge [152] conducted a series of Zr-2.5Nb tube extrusions. According to their 
findings; the proportion of the basal plane normals towards the extrusion direction decreases 
with extrusion ratio and increases with extrusion temperature. At the same time the ratio of the 
basal plane normals in the hoop direction to the radial direction increases with extrusion ratio 
and extrusion temperature, while it decreases with increasing α-phase grain size. In their attempt 
to explain the developed textures Holt and Aldridge proposed three mechanisms.  
 
The first is the deformation of the α phase zirconium, followed by the β → α transformation 
upon cooling. The deformation of α phase at lower temperatures occurs by a combination of 
prismatic 10101120 slip with several twinning mechanisms and as a result a rotation of the 
basal plane normals towards the direction of the main compressive strain is observed. This 
mechanism is responsible for the rotation of the basal plane normals towards the radial direction 
of the pressure tube since the strain along the radial direction is usually dominant. 
 
The second deformation system is responsible for the rotation of the basal plane normal  
away from both the extrusion and the direction of the major compressive strain. This  
system is responsible for the hoop component of texture that develops in the β phase. Both  
Holt and Aldridge [152] and Li et al [150] attribute this to a combination of phase  
boundary sliding (that results in body rotation of the α phase within the β phase) and the stress 
induced α→β phase transformation.   
 
The third mechanism rotates a fraction of basal plane normals towards the extrusion direction of 
the tube at elevated temperatures and is related to the transformation of β phase upon cooling of 
the tube after extrusion [150]. If the extrudate is slow cooled the transformation of the β phase 
will occur through growth of the existing α grains and the number of basal pole normals aligned 
parallel to the tube axis will be small [152].  
 
Zircloy-2 fuel cans are fabricated through cold pilgering. In that case the majority of the grains 
exhibit a C/CB orientation, although there are some with an A/AB texture. Zircaloy-2 pressure 
tubes manufactured through three stages of shear-forming develop a strong C/CB texture. 
Compression to reduce the tube diameter was found to increase the A/AB texture component, 
while the expansion of its diameter the A/AB (with consequently decrease of the C/CB) [164]. 
The effect of the prior processing; namely of rolling, plug drawing, tube sinking and tube 
reducing was analyzed by Picklesimer [90]. The changes are summarized in Figure 2-25.  
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Figure 2-25  Deformation textures of Zircaloy-2; a) Sheet rolling, b) Plug drawing with wall 
thinning, c) Tube sinking with and without wall thickening and d) Tube reducing [90]. 
 
According to Laidler et al [90], Zircaloy-2 tubes produced by extrusion using an extrusion ratio 
of 14:1 exhibit a hoop texture. The texture of cold-worked tubes develops along the 1010 
directions parallel to the tube axis. If the material is annealed or extruded at high temperatures, 
the basal plane rotates about its pole leading to the alignment of the 1120 direction parallel to 
the longitudinal axis of the tube. In contrast, after increasing the extrusion ratio to 37:1 they 
notice that two primary orientations were formed. In the first the basal planes were inclined at 
an angle of ~50° to the tube surface and parallel to the tube axis, and in the second the basal 
planes were perpendicular to the tube surface (and parallel to the tube axis). 
 
Tenckhoff [29] after a systematic investigation on the influence of the reduction parameters on 
the deformation texture of Zircaloy tubes stated that the dominant factor was the RW/RD ratio, 
where RW the reduction in wall thickness and RD the reduction in diameter. When the tube is 
deformed by high wall thickness and low diameter reduction (RW/RD>1) the material is mainly 
compressed along the radial direction. Since basal poles tend to align parallel to the direction of 
major compression, the basal poles rotate towards the radial direction. Thus for RW/RD>1 the 
basal pole shows a maxima ± 20-40° from the pole axis (Figure 2-26). If the wall thickness  
and the diameter reduction are approximately equal (RW/RD=1) the compressive strains along 
the hoop and radial direction are nearly equal. This results to a random distribution of basal 
poles in the radial-hoop plane (Figure 2-26). When the tube is deformed by large diameter  
and small wall thickness reduction (RW/RD<1) the material is mainly compressed along  
the hoop direction. This rotates the basal pole maxima ~50-70° from the pole axis and near the 
hoop direction (Figure 2-26). 
(c) 
(a) 
(d) 
33°
33°
(b) 
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Figure 2-26  The effect of RW/RD on the deformation texture of Zircaloy tubing, where RW the 
reduction in wall thickness and RD the reduction in diameter (from [29]). 
 
2.5.7.2 The effect of cold working on texture 
 
The texture developed by cold working is strongly related to the microstructure of the material 
prior deformation. This can be illustrated by studying the texture development in a single phase 
material, such as Zircaloy-4, and a two phase material, such as Zr-2.5Nb ([90, 154, 164]). In the 
case of a single phase materials there is a grain-grain interaction during deformation and  
since all grains are in contact, do not allow the free movement (rotation) of each other. This 
makes the grains rotate and change their orientation as the material deforms. This constricted 
movement of the grains result in the development of new components of texture. On the other 
hand, when deformation is applied on a two phase material the grains of the harder phase rotate 
and change their shape without been obstructed. As a result, the existing texture becomes  
more intense, while no new texture compounds form. At the same time the softer phase of  
the material is restricted by the harder one and thus can not deform freely, resulting in the 
formation of a very sharp texture in this plane [153]. 
  
2.5.7.3 The effect of heat treatment on texture  
 
According to Cheadle et al [71] as long the material is in the α phase, temperature does not 
considerably affect the developed texture. Experiments on as-received rods of Zr-2.5Nb and  
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Zircaloy-2 showed a type A texture (Figure 2-22). Thin and thick-walled Zircaloy-2 tubes, as 
well as thin-walled Zr-2.5Nb tubes exhibited A/AB and C/CD textures, while thick-walled  
Zr-2.5Nb pressure tubes a strong A type texture. The annealing of Zircaloy-2 in the α phase 
region changed the 1010 texture to 1120 parallel to the axial direction, while on the other 
hand annealing of Zr-2.5Nb in the α+β region did not affected the texture. Both slow cooling 
and water-quenching from above the β transus tend to decrease the A/AB and C/CD texture 
components of both Zircaloy-2 and Zr-2.5Nb, while increasing the DB texture in the former and 
the D component of the latter. When quenching Zr-2.5Nb alloy from the α+β region, the basal 
texture changes to D type. However, upon slow cooling there is no change in the grain 
orientation. In that case the matrix of β phase isolates the α grains and does not allow them 
change their orientation. At the same time the β phase transforms to α phase by growth on the 
existing α grains and thus no change in texture occurs. However, as Cheadle et al [71] mention, 
with decreasing temperature in the α+β region the D texture decreases as the amount of β phase 
decreases. If the material deforms while in the β phase, the texture is developed in  
the β phase. After cooling the β phase re-transforms to α phase, which nucleate at grain 
boundaries. The orientation between the β grains and the α grains is dictated by the Burgers 
relationship [102], so the α texture is related to the parent β texture.  
 
If a zirconium alloy is recrystallized prior to heating into the β phase, the α grains  
that will transform to β will be rotated 30° about their c axis. This will cause a different  
texture in the β phase and consequently a different texture in the α grains after the b → α  
re-transformation (Figure 2-27). As mentioned, when Zircaloy-2 is heated from the α region into 
the β region it recrystallize; as the β grains re-transform to α grains some grains incline towards 
the DB orientation. However, Zr-2.5Nb does not recrystallize during heating to the β field and  
thus after the transformation a number of grains rotates towards the D orientation instead  
of DB (Figure 2-28).  
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Figure 2-27  Theoretical textures after an α → b → α transformation in a Zr-2.5Nb alloy, plotted 
using the Glen-Pugh technique [71]. 
 
 
Figure 2-28  Relevant  pole figures for tube and rod [71]. 
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3.0   
Chapter 3 – Extrusion and Modelling 
 
3.1  Intro 
 
Extrusion is one of the two most common conventional flow-through processes, with wire 
drawing being the other. In this category of metal-forming process a block of solid metal, 
known as a preform, slug or billet, is placed in a chamber, the container, at the end of which 
there is a die. In one side of the die is the raw material and on the other the product. When the 
pressure on the die side, p1, is higher than the pressure on the other side, p2, the metal is forced 
to flow through the orifice of the die, from the high-pressure to the low-pressure chamber [1].  
In extrusion the raw material is pushed through the die by a ram, while in drawing it is pulled. 
The involvement of a chamber makes extrusion a batch or semi-continuous process [2]. 
  
Generally, extrusion is used in the production of long, straight components of constant  
cross-section such as cylindrical bars or hollow tubes, wires and strips [3], but for  
some materials that are easier to deform by extrusion, like aluminium, shapes of more  
complex cross-sections can be produced. The cross-section of the product is the same as  
the orifice of the die.  
 
The extruded shapes are defined by two factors; their size and their complexity. The size of  
the extruded shape is defined by the Circumscribing Circle Diameter (CCD), which is the 
diameter of the smallest circle that circumscribes the cross section of the extrudate [2]. The 
complexity on the other hand can be defined by two equally accepted methods. The first is  
by the use of the Shape Factor. Shape Factor is defined as the amount of surface generated  
per unit weight of the extruded metal [3], and is given by the equation 3.1. 
 
WeightUnit
PerimeterFactorShape =  (eq. 3.1) 
 
or as the extrusion product perimeter to its cross-sectional area ratio [2]: 
 
AreaSectionCross
PerimeterFactorShape =  (eq. 3.2) 
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3.2  Types of Extrusion 
 
There are four basic categories of extrusion; open-die, conventional, impact and hydrostatic 
extrusion (Figure 3-1).  
 
 
Figure 3-1  Classification of extrusion process. 
 
3.2.1 Open – Die Extrusion  
 
In the case of open-die extrusion the billet is pushed by a ram on the entrance of a die, with  
an angle α (Figure 3-2). The use of this type of die is focused on material economy, since the 
larger the angle of the die, the shorter the length of the undeforrmed billet that remain in the die. 
 
 
 
 
 
 
 
 
 
Figure 3-2  Open-Die Extrusion (redrawn from [1]). 
 
The fact that the billet is not supported, as in direct extrusion, excessive extrusion force can lead 
to bulge at the entrance of the die, and if the length of the billet is too long it also can cause 
buckling of the billet. This buckling can be prevented by installing a series of supports along  
the length of the billet, which gradually open and give way as the ram pushes forward [1]. 
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3.2.2 Conventional Extrusion  
 
In this type of extrusion the billet is placed in a chamber in order to support it and thus prevent 
bulging and buckling. This enables the use of higher extrusion force but also lead to discards of 
greater length. Conventional extrusion covers two different extrusion modes˙ direct and indirect.  
 
Direct Extrusion or forward extrusion is the simplest form of extrusion. In this case the billet is 
placed in a chamber, known as container (Figure 3-3).  
 
 
 
 
 
 
 
 
 
Figure 3-3  Direct Extrusion (redrawn from [4]). 
 
At the one end of the container there is a ram or mandrel, while at the other end there is a die. 
Between the ram and the billet, a pressure pad (or dummy block) is placed, in order to avoid a 
material leakage and extensive damage of the ram. As the ram advances through the container it 
pushes the billet ahead of the pressure pad as a rigid body, at the same speed as the ram, until it 
reaches the other end of the chamber where it forces it to flow through the die opening. Since 
the billet is supported by the container the amount of reduction is restricted by the force that can 
be applied to the workpiece and by the strength of the container and the other components of the 
press and not by the tendency of the billet to bulge or buckle as in open-die extrusion [1]. In 
direct extrusion there is a relative movement between the container and the billet as the ram 
moves the billet up to the face of the die [3] then forces it to deform and fill the container and 
finally squeezes it through the die. This relative movement causes local heating of the billet due 
to fiction, and thus a temperature gradient [5]. The longer the billet the higher the friction and 
thus the extrusion load. This is the main disadvantage of this extrusion mode, since it results in 
an inhomogeneous process, with intense shearing of the deforming billet.  
 
Indirect Extrusion, also known as backward, inverted or reverse extrusion [2] was devised to 
overcome these drawbacks. Here the billet is placed in a chamber as in direct extrusion with the 
difference being that in this case the equipment is more complicated, with the ram and the die at 
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the one side of the container, while the other end is closed with a plate. The ram is not rigid as 
in forward extrusion, but hollow so that it can carry the die (Figure 3-4).  
 
 
 
 
 
 
 
 
 
Figure 3-4  Indirect Extrusion (redrawn from [4]). 
 
As the hollow ram advances through the container, pushes the billet on the container and forces 
it to flow through the die. The fact that, except between the billet and the die, and the extrudate 
and the die (as in direct extrusion mode), there is no relative movement between the billet and 
the container, the friction forces are lower than in the forward extrusion. Thus the required load 
for extrusion is lower, with the maximum load being about 25-30 % lower than in direct 
extrusion [6]. The process is more homogenous with a smaller temperature gradient along the 
billet, less intensive shearing and less tendency of cracking of the surfaces and the edges. 
Backward extrusion is especially advantageous for materials that have a high billet - container 
friction [4]. The reduced friction and temperatures prolong the tooling service life. Since the 
billet length is not limited by the load required for the relative displacement between the billet 
and the container, the major limitations of the technique derive from the use of a hollow ram. 
The strength and the length of the ram limit the applied loads and the cross-sectional area. The 
technique is thus restricted to the production of smaller diameter components, while the use of 
higher strength alloys as ram material is mandatory [1]. During direct extrusion higher strains 
and more redundant work occurs compared to indirect extrusion mode. The higher deformation 
that the material experiences in that case can result in the formation of a recrystallized annulus 
during the extrusion of materials like aluminium. One disadvantage of indirect extrusion is that 
impurities or defects on the surface of the billet are transferred to the surface of the product 
since they are not retained as a shell or discard in the container, as in forward extrusion, and 
thus scalping of the billet is recommended before extrusion [3].  
 
3.2.3 Impact Extrusion 
 
This extrusion type, also named inverse, backward or piercing extrusion, is one form of  
indirect extrusion since the product and the ram are moving in opposite directions, with  
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the former moving upward and the later downward. As in conventional indirect extrusion,  
in impact extrusion the raw material is placed at the one end of a container in the cavity  
of a “female” type die, while at the other end is the ram [1]. The basic difference between  
the two extrusion modes is that in this case the opening through which the material flows  
when it is forced by the ram is not the orifice of a die but the annular gap between the inner 
surface of the chamber and the ram [1] (Figure 3-5).  
 
Figure 3-5  Impact Extrusion. 
 
Essential for uniform wall thickness is the concentricity between the punch, the container and 
the raw material. The undeformed material is usually in the low aspect ratio form of a  
disk, which is also called a blank or slug. Impact extrusion is mainly used for the production of 
short lengths of hollow shells from solid rods or disks and it is restricted to the softer metals 
such as lead, aluminium, tin and copper [7]. With impact extrusion it is feasible to produce 
tubular sections with a wall thickness-to-diameter ratio as small as 0.005 [2]. Usually it  
is performed cold, but often considerable heating of the deformed material takes place due to  
the high-speed deformation, since high-speed mechanical presses are generally used [7]. Using 
vertical presses production rates of two parts per second can be achieved.  
 
3.2.4 Hydrostatic Extrusion 
 
In conventional extrusion processes the raw material is placed in a container in one end  
of which is the ram and on the other the die. Thus it is in contact with three components; 
container, ram or pressure pad and die. In hydrostatic extrusion however the billet is placed in  
a similar chamber with a die and a ram at each of its ends, it is in contact only with the die  
and not with the other two components since it is surrounded by a fluid (Figure 3-6). In the  
case of hydrodynamic lubrication even contact between the billet and the die can be  
avoided [1, 8]. Conventional extrusion operates in a quite similar manner to hydrostatic if  
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the spacing between the billet and the container used is considerable and filled with  
graphite [8]. The absence of friction along the container walls is the main advantage of the 
hydrostatic extrusion mode. When the pressure at the face of the liquid that is in contact  
with the ram is higher than the pressure at the die opening, the material is forced to flow  
through the die. The fact that the pressure is not transmitted directly from the ram to the billet 
but indirectly through the fluid is why hydrostatic extrusion is also known as ramless, fluid  
or hydraulic extrusion. The absence of friction between the billet and the container means  
that the required pressure for extrusion to initiate is much lower than in other techniques  
and thus billets of any length are theoretically able to be extruded.  
 
 
 
 
 
 
 
 
 
Figure 3-6  Hydrostatic Extrusion (redrawn from [4]). 
 
Low friction along the die and low extrusion pressure enables the use of higher extrusion ratios, 
lower extrusion temperatures and dies with very low entrance angle (α = 20°) that leads to lower 
redundant deformation [7]. One singularity of the method is that the raw material does not 
necessarily have to be straight. The uniform hydrostatic pressure means that the preform does 
not upset to fill the container and this makes possible the use of large length to diameter 
feedstock, such as a coiled wire [7]. Some of the major limitations of the method are the 
potential leakage of the fluid under high pressure which makes the use of seals between the 
container and both the ram and the die obligatory, and the need for machining of the billet in 
order to remove surface defects and prevent them reappearing in the extrudates. Hydrostatic 
extrusion is also characterized by reduced control of the billet speed because of stick-slip 
incidents and the excess stored energy in the liquid. Hydrostatic extrusion is mainly used for  
the extrusion of brittle materials that are difficult or impossible to process by conventional 
extrusion modes. Nevertheless, many other metals and polymers have been successfully 
extruded to bar, tube and other hollow shapes, honeycomb and clad profiles [4]. Usually 
hydrostatic extrusion is carried out at room temperature using vegetable oil and castor oil as the 
fluid, but it can also be hot or warm by using waxes, polymers and glass as the fluid [2]. 
Hydrostatic extrusion is not used as widely due to the complex tooling design, the high pressure 
conditions required and the long cycle times [2]. 
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Extrusion, as most metal-forming processes, can be carried out either at room or at elevated 
temperatures, depending on the ductility of the workpiece material [2]. When performed  
at temperatures above the recrystallization temperature of the workpiece material it is  
called hot extrusion, when performed at room temperature it is known as cold extrusion,  
and for the temperature range between room temperature and the recrystallization temperature, 
as warm extrusion [2]. Kalpakjian and Schmid relate these three temperature range to  
the homologous temperature, the dimensionless ratio of the working temperature T to  
the melting point of the deforming material Tm, T / Tm (Table 3-1). 
 
Process T / Tm 
Cold working <0.3 
Warm working 0.3-0.5 
Hot working >0.6 
 
Table 3-1  Homologous temperature ranges for cold, warm and hot working [2]. 
 
The choice of one process over another is based on a host of factors, such as the material, size, 
quality and the quantity that must be produced as well as the specifications of the product [1].  
 
Cold extrusion is mainly used for the strong products that it produces due to strain hardening 
(given that adiabatic heating does not cause recrystallization in the deformed material), the  
very good dimensional precision and good surface finish that can be achieved, the elimination 
of heat-treating steps and the lack of an oxide layer, the high production rates, material economy 
and the relatively low cost [1]. Problems encountered during cold extrusion are tooling  
failure, sticking of the workpiece to the die, splitting of the outer diameter of the workpiece or 
cupping in the inside [3].      
 
Warm extrusion is characterized by high production rates, products of higher strength and 
better surface finish than in hot extrusion, and as also of material economy. This route is 
preferred when a balance between the required force, the ductility and the final product 
properties is required [1].  
 
Isothermal forming is a specific case of the warm and hot-forming process. In this case  
the procedure is carried out in a steady temperature, in which the deformed material exhibits 
some unique properties, such as the superplasticity of zinc and titanium for elevated 
temperatures below the recrystallization point [1]. Isothermal forming is characterized by 
microstructure uniformity of the product. 
 
Hot extrusion is performed at high temperatures so as to take advantage of the decrease in flow 
stress and increased ductility. Nevertheless, hot working introduces some problems. The main 
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drawbacks are oxidation, the excessive wear of extrusion tooling and the occurrence of  
hot shortness [2]. This defines the upper hot-working temperature, which for alloys is the 
solidus temperature, while for pure metals is the melting point. When the extrusion temperature 
is calculated, the internal heating of the metal due to the extensive deformation occurring  
during extrusion (which is considerable) must be considered as must be the heat exchange 
between the several components of the system (billet, container, ram, die, stem) [9]. The 
temperature ranges for hot extrusion are in general similar to those of forging [4]. Although 
cracking is not that common in extrusion as in other metal-forming processes as forging or 
rolling, due to the characteristic high compressive stresses, it is possible, especially in the 
extrusion of unsymmetrical shapes where unequal flow in different sections can take place.  
 
Highly inhomogeneous deformation can occur as a result of billet cooling in the extrusion 
chamber. Preheating of the extrusion components can reduce the cooling of the billet in the 
chamber and thus prolong the die life and promote more uniform material flow [2]. Surface 
oxidation occurs during the preheating of the extrusion billet and may lead to several  
quality issues if care is not being taken. Material flow can also be affected if the oxide film  
is abrasive [2]. Oxidation issues can be solved by the use of a pressure pad of slightly smaller 
diameter than the billet. When this pressure pad is been pushed onto the billet by the  
ram it forces the billet to deform. As the billet deforms, firstly it fills the container and then  
is extruded through the die. Due to the size difference between the pressure pad and the billet,  
the surface of the billet is not extruded but is left on the container walls as a thin cylindrical 
shell (skull) [2]. A comparison between the basic types of extrusion is given in Table 3-2. 
 
                            Mode 
Criteria Cold Warm Isothermal Hot 
Ductility Poor to Good Moderate Ideal Good 
Forming Load High Moderate Low Moderate 
Forming Rate Fast Fast Low Fast 
Dimensional Precision Good Moderate to Good Good Poor 
Surface Finish Good Moderate Good Poor 
Material Conservation Moderate Good Good Poor 
Die Cost Moderate High Higher Moderate 
Die Life Good Moderate Poor Poor 
 
Table 3-2  Metal-forming process comparison [1]. 
 
 
3.3  Materials for Extrusion 
 
Components produced by extrusion are used in a great variety of applications, such as 
transportation, constructions, mechanical and electrical industries, heating and air conditioning 
components, petroleum production and also the production of nuclear power [3]. In theory, all 
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metals can be extruded. However, in practice for many of them there are great difficulties to be 
overcome, depending on the deformation properties of the material. Generally, soft metals are 
easier to extrude, while for the extrusion of hard metals higher billet temperatures and extrusion 
pressures are needed and thus more robust extrusion devices (press, die, and stem) are required. 
Materials such as aluminium, lead, tin, magnesium, zinc, copper, steel, titanium, nickel, 
beryllium, uranium, molybdenum, zirconium and their alloys, have been successfully extruded.  
 
 
3.4  Extrusion of Seamless Pipe and Tubing 
 
Pipes and tubes are classified as welded or seamless, according to the method through which are 
manufactured, with the former formed from strip and welded by hot-forming, fusion, or electric 
welding, and the latter by extrusion or rolling. With current equipment and practice, the 
tolerance of the tubes produced by extrusion is as close as those obtained by cold-drawing [7]. 
According to Kalpakjian and Schmid [2], wall thicknesses as small as 1 mm can be obtained for 
aluminium, 3 mm for carbon steels and 5 mm for stainless steels. The occurrence of moderate to 
high friction in conventional forward extrusion and the severity of deformation render the 
production of very thin walled tube quite difficult [2].  
 
There are two main methods of extruding a tube. In both cases a mandrel is set on the end of the 
ram that extends to the entrance of the die. The mandrel can either be attached rigidly to the ram 
or floating, free to centre itself in the die. The latter arrangement is regarded superior with 
respect to concentricity and wall thickness accuracy, with Pearson and Parkins [10] referring to 
1 per cent concentricity being obtainable if accurately bored billets are used. The diameter of the 
mandrel determines the inner diameter of the produced tube, while the clearance between the 
mandrel and the die its wall thickness (Figure 3-7).  
 
 
 
 
 
 
 
 
 
 
 
Figure 3-7  Tube making from hollow billet (redrawn from [1]). 
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In the first case, the billet is not solid but hollow, with the hole existing since casting,  
or incorporated by machining or piercing in a separate press. The ram and mandrel must  
be perfectly aligned with the container in order for concentric tubes to be produced.  
Equal resistance to deformation over the cross section of the billet is also required [7]. The  
main disadvantage of this method is the oxidization of the bore of the hole during the heating  
of the billet, which leads to increased mandrel wear and possible defects in the tubes. 
 
This can be avoided with the second extrusion mode. In that case the hole of the billet is also 
opened by a mandrel that is fixed on the ram, with the difference that in this case and in contrast 
to the former extrusion mode, the piercing takes place in the same press. It is possible for the 
piercing mandrel to be actuated by a separate hydraulic system from the ram. The first step is to 
upset the billet with the ram and then to pierce the raw material with the mandrel, making a 
metal plug to eject through the die. Then the ram moves forward and force the billet to extrude. 
It is possible for long mandrels to deflect and lead to the production of an eccentric tube, with 
uneven wall thickness [1]. Cracking or tearing of the bore of the billet during piercing is also 
possible, leading to defects on the inner face of the tube. Attention also has to be paid to the 
lubrication of the mandrel since it is very common for the lubricant applied to the mandrel to be 
rubbed off during piercing leading to poor lubrication during the actual extrusion process [10].  
 
In some specific cases, such as the hot extrusion of aluminium and magnesium alloys, there are 
more methods to extrude tubing and other hollow products. The first one evolves a solid billet, a 
porthole die and a standard ram without a mandrel. More even wall thicknesses can be achieved 
through this method. The component that characterizes this technique is the “torpedo die set”, 
which consist of “the torpedo”, a short mandrel, and the outer die which are connected in  
one solid piece by a set of metal fins that are known as “the bridge” [1]. As the billet  
is being deformed by the ram, the “torpedo” opens a hole in the centre of it and makes the 
material flow into separate streams and around the central bridge and the fins (Figure 3-8).  
 
 
 
 
 
 
 
 
 
 
 
Figure 3-8  Extrusion of hollow product through a “torpedo” (redrawn from [1]). 
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After flowing through the ports of the die the segments of the materials are brought together 
into a chamber where due to high pressure, high temperature and plastic deformation they weld 
and exit the die as a seamless tube with no trace of where the material was split. As well as 
tubes this technique is also used for the production of hollow unsymmetrical aluminium shapes 
[7]. The technique is restricted to aluminium and a few other materials that exhibit the ability to 
form a strong weld under pressure [2]. Lubrication cannot be used, since it prevents the  
re-welding of the material and leads to the formation of lubricant enclosures in the extrusion. 
Hollow products can also be extruded by using a “spider” device. This method is very similar 
with the “torpedo die”, since the billet is also forced to flow through the portholes of a device in 
order to attain a hollow cross section. Although in that case the material after flowing through 
the portholes does not form directly the extrusion product. An intermediate reservoir chamber is 
placed between the porthole device and the die and it is there that the material stems bonds 
together to form a short tubular product (Figure 3-9). The benefit of this method towards the 
conventional forward extrusion is that the plug is placed more precisely than the mandrel and 
thus eccentricity can be minimized.   
 
 
 
 
 
 
 
 
 
Figure 3-9  Extrusion of hollow product through a “spider” device (redrawn from [1]). 
 
 
3.5  Material Flow during Direct Extrusion 
 
The metal flow during extrusion is not fixed but varies considerably with factors such as the 
material, variation in flow stress across the billet, the material-tooling interface friction, 
temperature gradient along and across the billet and the shape of the section. The flow  
pattern during deformation is of high importance due to the strong effect that has on the 
extrusion product properties and quality [2, 10]. 
 
3.5.1  Flow Patterns in Solid Direct Extrusion 
 
The main types of flow patterns observed during the extrusion of solid components are four,  
namely; S, A, B and C (Figure 3-10). In reality several other variations of these basic patterns 
can be observed depending on the extrusion conditions.   
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Figure 3-10  Flow pattern types in extrusion of metals (from [7]). 
 
Flow pattern S is obtained when there is no friction between the billet and the container, or is 
very small due to very effective lubrication, while there is some frictional resistance between 
the billet and the surface of the die. This flow pattern is characterized by the highest possible 
uniformity of flow, since plastic flow take place in a deformation zone directly in front of the 
die while the major part of the non-extruded billet is pushed undeformed as a rigid body through 
the die’s orifice. This results in the formation of a small Dead Metal Zone (DMZ) and the outer 
layer of the extrudate originates from the original billet skin. Thackary [5] reports that when the 
flow pattern is of type S, the extrudate also contains a subsurface layer that also originates from 
the original billet material. This layer is of reduced thickness because of the elongation that the 
material undergoes during extrusion.  
 
Flow pattern A occurs when there is no friction between the billet and the container, while the 
frictional resistance between the billet and the surface of the die is significant. Due to the 
absence of friction along the billet-container interface the material flows nearly undeformed 
until it comes near the die entrance. The friction along the die face retards the flow of the 
peripheral zones of the billet along the die shoulders, thus increasing the shearing in this region. 
The DMZ produced in that case is slightly larger than in flow pattern S, and as a result the 
deformation zone is wider. Still, the deformation in the centre remains relatively uniform. The 
elements lying along the central part of the billet undergo a pure elongation that corresponds to 
the actual change in cross-section from the billet to the extrudate and form the central part of the 
extrusion product. The outer units of the billet initially experience compression and then an 
additional working due to shear as they run along the deformation funnel. Siebel and Huhne 
[10] state that the elements that form the surface of the extrusion product undergo double 
deformation compared to those that form the centre. Thus the elements initially at the outer 
layers of the billet end up stretched out along the sides of the extrudate, at the rear of those in 
the centre of the extrudate, with which were horizontally aligned in the billet [10]. The front end 
of the extrusion often retains the microstructure of the billet since it is produced from the 
material that was directly opposite the die orifice and thus did not have to pass through the shear 
zone. This type of flow is usually observed during the lubricated extrusion of soft metals  
and alloys, such as lead, tin, α-brasses, tin bronzes, and copper billets covered with oxide [3].  
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Flow pattern B occurs in the extrusion of homogeneous materials when there is friction between 
the billet and both the container wall and the die surface. The peripheral zones of the material at 
the billet-container interface are retarded due to the friction, while the lower resistance 
accelerates the flow of the material in the centre, where it undergoes pure elongation [7]. This 
difference in flow between the retarded regions at the outer part of the billet and the fast moving 
centre causes the formation of an extensive shear zone. The formation of the DMZ through 
shear requires an amount of energy, which, since it is not related to any shape change of the 
material from the billet form to the extrusion, is redundant work [7]. During the first stages of 
extrusion the shear deformation is focused at the peripheral regions of the billet. As extrusion 
proceeds it extends towards the centre. This increases the danger of contamination of the 
extrudate surface with impurities and lubricant from the billet surface [3]. According to 
Thackray [5], some material at the front part of the billet can initially remain in the DMZ or the 
shear zone, while the billet’s skin can enter the extrudate as a subsurface layer, and depending 
on the nature of the oxide surface and the amount of lubrication used can cause a defect known 
as “scaling” [5]. The length of the shear zone depends on the type of the extruded material and 
the extrusion parameters. In that flow pattern type the DMZ formed is generally large, not 
completely rigid and can significantly influence the flow of the material. Valberg [5] states that 
whether the possible flow of the peripheral layer of the billet as a subsurface material in the 
extrudate takes place at the beginning or near the end of extrusion depends on the degree of 
slipping at the billet-container interface and the portion of the flat face of the die entrance. The 
phenomenon occurs at the early stage of the extrusion process when slipping of the billet along 
the container is minor and the die orifice is larger. This happens because the DMZ is relatively 
small and thus the flow path of the outer layers of the billet to the die orifice is short. Flow 
pattern B is commonly observed in single-phase copper alloys that don’t form lubricating oxides 
and also in most aluminium alloys [3].  
 
Flow pattern C occurs in the hot extrusion of materials that exhibit inhomogeneous properties 
when high friction takes place and the flow stress of the material is significantly higher at  
the cooler periphery than in the hot centre. The DMZ formed is much larger compared to  
the other cases, and it extends from the face of the die, up to the back end of the billet. The 
material that is in contact with the container cools down and forms a stiff shell, that together 
with the DMZ is under axial compression. When they deform they follow the path of least 
resistance to the back area of the billet and then turn towards the core of the billet and the funnel 
of deformation. This can cause extensive contamination of the extrudate as any type of surface 
defects of the billet can be transferred to the centre of the extruded product. This is known  
as “piping” defect. The properties of the extrusion product are not homogeneous since the 
material that forms the back end of the extrudate has undergone more complex and considerable 
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higher deformation that the rest of the extrusion. This flow pattern is very common in the 
extrusion of (α+β) brasses, tin, aluminum and its alloys.  
 
Lefstad et al [5] found that there are two different ways through which the billet surface can 
flow into the extrudate, called Flow Path 1 and 2 respectively (Figure 3-11). In the first case the 
material from the surface of the billet flows forward into the extrudate profile surface for the 
most of the extrudate length, while the material further back in the billet form layers underneath 
the extrudate’s surface. Factors such as the alloy composition and the profile geometry strongly 
affect the specific type of flow, and determine the surface thickness that flows according to this 
pattern. This makes the occurrence of this type of flow critical regarding the surface quality  
of the extrudate. Flow Path 1 is more possible to occur during the extrusion of hard metals  
and the tendency to find billet surface material in the product is increased. Flow Path 2 on  
the other hand is characterized by the flow of the surface material along the pressure pad,  
and then towards the die. This results in the flow of material into the extrudate at a much  
later stage compared to Flow Path 1, after 80 % of the billet been extruded. This type of  
flow path is mainly influenced by the lubrication of the pressure pad. When there is good 
lubrication along the pad flow pattern changes, but the percentage of the billet extruded  
in which surface material appears does not [5].  
 
 
 
Figure 3-11  Surface flow during direct rod extrusion according to Valberg and Lefstad (from [5]). 
 
3.5.2 Flow Patterns in Tube Direct Extrusion 
 
Blazey, Broad, Gummer and Thompson [10] studied the flow of copper and copper alloy during 
tube extrusion and observed only two types of flow. The first flow pattern occurs when there is 
no lubrication between the billet and the container. As seen in Figure 3-12 the five pins that 
were placed on the outer surface of the billet where drawn into the interior of the billet with  
pin 4 being the first to reach the die entrance, followed by pins 3, 2, 5 and finally pin 1 [10]. The 
pins located on a diameter near the back end of the billet, A and B, passed through the  
die orifice at the end of the process. It is apparent that there is a diagonal flow of the billet 
material towards the die entrance, with the material from the central part of the billet  
being extruded first. This first flow type is regarded as an intermediate type between types  
B and C (see paragraph 3.5.1).  
1 2 
2 
1 
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Figure 3-12  Vertical sections through three-quarters extruded billets showing the manner in which 
pins are drawn into the billet and down into the tube; a) Brass billet extruded in a non-lubricated 
container, b) Copper billet extruded in a lubricated container (from [10]).  
 
When lubrication is used between the billet and the container the movement of the billet  
is easier and thus the pins reach the die orifice in turn with pin 3 being the first, followed by pin 
2 and then pin 1. Pins A and B, passed through the die orifice at the end of the process. It has to 
be mentioned that in no cross section of billet or tube can all five pins be seen together [10]. 
This second type of flow is more related to flow patterns A and B (see paragraph 3.5.1).      
 
3.5.3 Deformation Zones in Direct Extrusion 
 
The analysis of the flow patterns produced by modelling is an essential factor in understanding 
how the different parts of the billet behave during extrusion. According to Avitzur [1]  
a billet that is extruded through a flat faced die with a 90° semi cone angle, is divided into  
four zones (Figure 3-13).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-13  Deformation zones in direct extrusion (redrawn from [126]). 
 
In this type of extrusion, an annular dead zone is formed in the corner of the die with a  
semi-cone angle α, due to the increased container-wall friction. The boundaries of this  
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cone define these four zones. The material in Zone I is undeformed and simply moves towards 
the die entrance with constant velocity. Deformation occurs in Zone II, which is the  
area bounded by the velocity discontinuity surface and the conical discontinuity surfaces  
of the DMZ. The material in Zone III is already deformed, while Zone IV consist the DMZ. In 
the DMZ the material remains static during the process. The DMZ can be eliminated by  
using a die with a semi cone angle smaller than of the static zone. The viewpoint of  
Valberg et al [5] about the zone structure at the front end of the billet is depicted in Figure 3-14.  
 
 
 
 
 
 
 
 
 
 
Figure 3-14  Deformation zones in direct extrusion after Valberg et al (redrawn from [123]). 
 
As before, the billet can be divided into four zones. In the first zone, known as Central Zone,  
the material flows through the die without being seriously retarded by friction, since it is not  
in contact with the container walls. The material in this area is the first to be extruded and  
forms the front potion of the extrudate. The second or Co-extrusion Zone is the area near  
the DMZ. The flow of the metal from this zone towards the die is retarded compared to the  
flow in the Central Zone. As a result not all of the material flows immediately through the  
die although it is adjacent to it. The metal from this zone forms the bulk of the surface of  
the extrudate [5]. The third and the fourth zones consist the DMZ. The third zone is named  
Slow Flowing Zone because although the metal in that area deforms heavily during extrusion, it 
does not travel quickly enough to be extruded and thus remains in the discard. The material  
that is in contact with the container walls is called Elastic Zone or some times Undeformed 
Zone because much of the material in this zone does not deform at all during extrusion. 
 
 
3.6  Methods of studying the material flow  
 
A number of different techniques have been developed in order to examine material flow during 
extrusion. The most common and the most simple flow study technique is the macroscopic 
examination of a macro-etched longitudinal section of a partially extruded billet. Although easy 
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Slow Flowing Zone - 3 
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and fast only a general qualitative picture of the flow is obtained. In order to generate more 
quantitative data about the flow process several techniques were developed. Thackary [5] 
categorized these techniques into two groups. In the first group a marker material, with 
relatively similar properties to the material under examination is inserted into the billet. The 
marker material can be either inserted in the whole billet or the billet can be split in half prior to 
the extrusion, marked and then reassembled and extruded. The indicator material is chosen in a 
way that can be identified relatively easily from the billet material, so it can be tracked back 
through the flow pattern. Schweissguth [5, 10] extruded brass billets that contained other brass 
rods, longitudinal placed, of slightly different composition. After etching a contrast between the 
two alloys is observed that reveals the material flow. Doerinckel and Trockels [5, 10] used 
composite billets consisting of brass billets separated by thin sheets of a different brass. Schmidt 
[5, 10] used billets made up from alternatively arranged concentric cylinders of magnesium and 
5% zinc-magnesium alloys. Blazey, Clode, Finkelnburg and Scharf and Lefstad et al [5, 10], all 
used pins of a carefully chosen material that after the relative chemical treatment created a 
contrast between the pins and the under examination material. In the second group the billets 
instead of been marked with a second material are split into two halves and a grid is machined 
onto one half. Afterwards the billet is reassembled, the two halves secured tight together and 
extruded partially. The partially extruded billet is then split open. The one half of the billet has 
the grid on it, while the other has developed a surface relief pattern [5]. The distortion of the 
grid offers both qualitative and quantitative information about the material flow. According to 
Pearson and Parkins [10] this technique was initially used by Zagorski in cold drawing and 
Riedel in geology while latter Siebel and Huhne, and Sachs and Eisbein applied it in extrusion. 
Sachs and Eisbein after machining a grid on the one half of copper and brass billets filled the 
grooves with a mixture of clay and graphite. The examination of the deformed grid can be done 
after a simple cleaning of the surfaces or after grinding and etching, depending on the condition 
of the surface, the material and the used technique. Other methods that do not even involve the 
use of metals have been used in order to investigate the material flow during extrusion. Unckel 
used billets consisting of cubical units of mixtures of chalk, beeswax and Vaseline  
with different colours, while Green relates the deformation of hot metals to plasticine [5, 10]. 
 
 
3.7  Extrusion Pressure 
 
The load required forcing a material to flow smoothly and continuously through the die orifice 
in order to form a sound and high quality extrudate is strongly influenced by a range of factors. 
The first and more important is the type of extrusion. The nature of the extruded metal  
and the effect that other parameters such as the extrusion temperature and the extrusion  
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speed have on deformation during extrusion are also relevant. The amount of deformation,  
expressed through the extrusion ratio must also be taken in account. The shape of the  
extruded product and the design of the die also strongly influences the extrusion load [10]. 
 
3.7.1 Extrusion Type 
 
As aforementioned the typical sequence of operations during forward direct extrusion are as 
follows. The heated billet and the pressure pad are loaded into the container. The ram is pushed 
against the billet. As the pressure on the billet reaches the flow stress of the workpiece material 
(p = σ0), it starts to bulge and increase its diameter until it fills the container. Afterwards the 
pressure continues to increase above the flow strength (p > σ0), while the tooling is deformed 
elastically [1].  In this step the load increases very rapidly with a relatively small motion of the 
ram, as can be seen in the load versus ram displacement curve of Figure 3-15. 
 
After the billet fills the chamber, pressure continues to increase until a peak is reached and the 
material is forced to flow through the die. This breakthrough point is associated with the 
formation of a dead metal zone, as a result of internal shearing of the billet [1]. As depicted in 
Figure 3-15, the force required for the initial stages of extrusion is significantly higher than for 
the maintenance of flow after the formation of the dead zone. This indicates that the friction 
along the dead metal zone and the billet is lower than the shear resistance of the material. 
 
 
 
Figure 3-15  Typical load versus ram displacement curves for non-lubricated extrusion; a) Load 
versus  displacement curve for direct (1) and indirect (2) conventional extrusion, b) Division of the 
work of deformation; A - work for upsetting the billet, B - work needed to initiate the deformation, 
C - work of deformation, D - work needed to overcome friction and shearing (from [6]). 
 
According to Avitzur [1] the shear resistance of a material during the formation of the DMZ is 
given by 3/0σ , while after the formation the resistance is given by 3/0σm  ,where m a 
constant between 0 to 1. After the DMZ is formed and the maximum load is reached, the 
pressure decreases slowly as a function of the continuously decreasing length of the billet left in 
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the container and thus the decreasing contact area and friction between the billet and the 
container. The difference between the maximum and the minimum values of pressure is the 
work required to overcome the friction between the billet and the tooling and the formation of 
the DMZ (area D in Figure 3-15(b)), while the steady state load (area C in Figure 3-15(b)) is the 
work of deformation. The pressure continues to decrease until only a thin disk of the material is 
left in the container, where a minimum is reached. In some specific cases, as in hot extrusion in 
a cool container or during slow extrusion, this drop can not be observed or even a slight increase 
may be noticed. The reason for this is that the first part of the billet deforms while hot and soft, 
while the last part deforms once it has been cooled and hardened. The hardening of the material 
seems to dominate the general behaviour of decreasing load due to decreasing friction 
resistance. In the final stages of extrusion the load increases again very rapidly as the metal has 
to flow radially towards the die aperture (Figure 3-15) [3, 10]. A thin shell of the billet is left on 
the container walls and a thin disk of billet material at the end of the container, on the entrance 
face of the die. This disk is known as “butt” or “discard”. 
 
The first step that involves the upsetting of the billet to fill the container is common in both 
direct and indirect conventional extrusion. In indirect extrusion the material deforms only 
locally around the die entrance as the material starts flowing through the die orifice and no 
extended deformation zone is observed. Thus the extrusion pressure curves are of the same form 
up to the breakthrough point, but of different magnitude. After the breakthrough point the 
extrusion pressure reaches a steady state. This steady pressure corresponds to the lowest 
extrusion pressure observed in direct extrusion [10] (Figure 3-15). Occasionally the extrusion 
pressure slightly rises as extrusion proceeds. This increase is attributed by Pearson and Parkings 
[10] to metal interposed between the die and the container, obstructing the material flow, and is 
usually less than 5 per cent [10]. 
 
3.7.2 Degree of Deformation  
 
The degree of the deformation that a material undergoes during extrusion is expressed by either 
the ratio of the billet cross section reduction, to the initial cross section (equation 3.3): 
 
100
o
Eo
A
AA −
 
(eq. 3.3) 
 
where: Ao = the cross section area of the billet 
            AE = the cross section area of the extrudate 
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or more commonly by the ratio of the extrudate cross section area to the billet cross section area, 
known as the extrusion ratio (equation 3.4).  
 
o
E
A
A
 (eq. 3.4) 
 
where: Ao = the cross section area of the billet 
            AE = the cross section area of the extrudate 
 
The effect of the degree of deformation on the extrusion pressure during lead and brass rod 
extrusions is shown in Figure 3-16 and Table 3-3 [10].  
 
 
 
Figure 3-16  The extrusion pressure in dependence on the degree of deformation; a) Brass  
(58 % Cu) at 650°C and v = 58 mm.s-1, and b) Lead at 15°C and v = 3 mm.s-1 (from [10]). 
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52.4 2.1 26 0.73 31 
 
Table 3-3  The extrusion pressure in relation to the degree of reduction for lead at 15°C [10]. 
 
The extrusion pressure increases relatively slowly for reduction rates up to 90 pre cent, while 
afterwards a sharp increase is observed. This increase is getting even more rapid for reduction 
rates exceeding 97 per cent. This increased difficulty of extruding small cross section products 
from larger diameter billets constitutes critical the correct choice of container size in relation  
to the product that is to be made. Reductions higher than 99 per cent can be achieved only  
for readily extrudable materials, while for harder materials not higher than 95 per cent 
reductions are feasible [10].  
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Sachs and Eisbein [10] found that there is a linear relationship between the extrusion pressure 
and the logarithm of the extrusion ratio (equation 3.5), since if plotted the one against the other 
straight lines passing through the origin are obtained (Figure 3-17).  
E
o
A
A
cP log=
 (eq. 3.5) 
where: P = extrusion pressure 
            Ao = the cross section area of the billet 
            AE = the cross section area of the extrudate 
             c = a constant related to the resistance of the material to deform 
 
 
 
Figure 3-17  Extrusion pressure against the logarithm of extrusion ratio; a) Brass (58 % Cu)  
at 650°C and b) Lead at 15°C (from [10]). 
 
3.7.3 Extrusion Speed 
 
The extrusion pressure is related to extrusion speed in a complex way, mainly because of the 
cooling of the billet. The billet cooling is greater the lower the extrusion speed is. The intense 
cooling of the billet surface increases the billet stiffness and thus the extrusion pressure. At the 
same time the faster the extrusion speed, the higher the strain rate and thus the adiabatic heating. 
The data obtained from Sachs and Eisbein [10] brass extrusions can be seen in Figure 3-18.  
 
 
 
Figure 3-18  Extrusion pressure versus displacement as a function of extrusion speed (from [10]). 
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The upper set refers to brass billet, extruded at 650°C into a preheated container. The extrusion 
pressure at the breakthrough point is directly analogous to the extrusion speed, with the higher 
values obtained for the faster speeds. For moderate and high extrusion speeds the same 
behaviour is observed during the latter stages. However, for low extrusion speeds it seems that 
there is adequate time for the billet to chill down and thus the extrusion pressure to converge 
with the values of the higher extrusion speed cases. The lower set of curves describes  
the extrusion of brass in a relatively cold container. As in the previous case, the pressure in  
the breakthrough point is positive related to the extrusion speed. The intense chilling of the 
billet is the reason for the reverse order of the extrusion pressure near the end of the process. 
 
Pearson and Parkins [10] shown that if extrusion pressure is plotted against the logarithm of 
extrusion speed, straight lines are obtained (Figure 3-19). Thus, extrusion speed is described as: 
 
aPbu =  (eq. 3.6) 
 
where: u the extrusion speed, P the extrusion pressure and a and b constants. 
 
 
 
Figure 3-19  Extrusion pressure plotted against extrusion speed (from [10]).  
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The constant α defines the increase in the rate of extrusion with increasing extrusion pressure. 
For high temperatures, α shows little variation and the lines are nearly parallel to each  
other. However, for lower temperatures α seems to increase and the lines incline more  
steeply towards the pressure axis [10]. Pearson and Parkins [10] account this to the existence  
of a threshold that has to be exceeded in order that continuous flow is achieved. This makes  
a certain increase in extrusion speed having a considerably stronger effect on the  
extrusion pressure at low temperature than it would have at higher temperature, where the 
pressure threshold is much lower. 
 
3.7.4 Extrusion Temperature 
 
Deformation during extrusion has to take place in a specific temperature range as all  
hot working processes. In that range the deforming material has to exhibit sufficient plasticity  
in order for the shaping process to take place without the onset of fracture or hot shortness. It  
is essential that a temperature range is used in which the effect of deformation is dissipated  
fast enough that work hardening does not affect the resistance of the material. The effect  
of temperature on the extrusion pressure of several materials is given in Figure 3-20 [10]. It  
is obvious that as temperature increases, the resistance to deformation and the extrusion  
pressure decrease. 
 
 
 
Figure 3-20  The effect of temperature on the extrusion pressure for Pb, Sn, Bi, Cd  
(v = 2.5 mm.s-1 and 96 % reduction) and Al (v = 5 mm.s-1 and 90 % reduction), (from[10]). 
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Pearson described the relationship between the extrusion pressure and temperature by the 
following empirical equation: 
TeAP λ−=  (eq. 3.7) 
 
where: P = extrusion pressure 
            T = temperature           
            λ = coefficient for the metal    
            A = constant 
 
3.7.5 Die Geometry 
 
The die geometry has a profound effect on the material flow and thus on the extrusion pressure. 
In order to simplify the problem it is more helpful to examine the effect of each one of the main 
features of a die, namely; die angle, radius and bearing length, on extrusion pressure separately.   
 
As the conicity of a die increases the deformation that the billet material has to undergo in  
order to flow through the die orifice decreases, and so does the extrusion pressure. This  
decrease is offset from the increased friction between the billet and the die face because of  
the greater die entrance area. Sachs and Eisbein [10] propose as an ideal compromise between 
these two opposing factors a cone angle of ~90°. For that die angle a 30 % reduction on 
extrusion pressure is observed.  
 
Johnson [10] conducted a series of extrusion trials on lead and aluminium, at room temperature, 
in an attempt to correlate the radius of the die entrance to the extrusion pressure. The data 
concerning super-pure aluminium can be seen in Figure 3-21. 
 
 
 
Figure 3-21  Effect of die radius on the maximum extrusion pressure for super-pure Al (from [10]). 
 
It becomes apparent from Figure 3-21 that the extrusion pressure increases as the die entrance  
radius increases. The maximum pressure might increase as much as 38 pre cent if the die 
entrance radius increase from 0 to 6.5 mm. 
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The friction along the cylindrical bearing of the die and the extrudate might also have an  
effect on the extrusion pressure. For well polished dies this effect is not that strong, but for 
unpolished or worn dies it gets more intense. Aluminium and aluminium alloys are prone to 
sticking and adhere strongly on steel surfaces and thus excessive care should be taken. 
  
The effect of the aforementioned parameters on the extrusion pressure is summarized in  
Table 3-4 and illustrated in Figure 3-22. In Table 3-4 the empirical equations proposed  
from other researchers [10] relating the extrusion pressure to extrusion ratio, speed and 
temperature (equations 3.5 to 3.7) can be found. In order to evaluate and compare the effect  
of the examined variables on the extrusion pressure the empirical equations were used to  
predict the value that each one of the variables had to have in order to cause a predetermined 
change on the extrusion pressure.    
 
Factor Extrusion Ratio Extrusion Speed Temperature 
Equation 
E
o
A
A
cP log=
 
α
1






=
b
uP  TeAP λ−=  
Change in 
Extrusion 
Pressure (%) 
Required change (%) 
R u T 
-50 -69 -97 22 
-40 -60 -93 16 
-30 -50 -85 11 
-20 -37 -70 7 
-10 -20 -43 4 
10 25 67 -3 
20 60 167 -6 
30 100 300 -8 
40 150 500 -11 
50 215 767 -13 
 
Table 3-4  The effect of several parameters on the extrusion pressure. 
 
As seen in Figure 3-22 the extrusion pressure exhibits a logarithmic relation to both extrusion 
ratio and speed, while a decreasing expotential with temperature. Thus the lower the 
temperature, the higher the extrusion ratio and the speed are, the higher the required pressure for 
a given metal to be extruded will be. The logarithmic relation means that the increase of the 
extrusion pressure is more rapid for a given increase of the extrusion ratio or the extrusion  
speed for the lower value range. The decreasing exponential correlation makes the extrusion 
pressure to increase faster as temperature decreases. Between the three examined factors, 
namely; extrusion ratio, speed and temperature, the last one seems to affect the extrusion 
pressure the most and speed the least. In order to decrease the extrusion pressure for a  
given extrusion by 50 % the extrusion speed has to decrease by 97 %, the extrusion ratio by  
69 %, while the temperature gives the same result with an increase of only 22 %. The same 
trend is observed in the attempt to increase the extrusion pressure by 50 %. In that case  
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the extrusion speed has to increase by 767 %, the extrusion ratio by 215 %, while the 
temperature to decrease by just 13 %. 
 
It should be mentioned that empirical equations are very useful tools in understanding the 
correlation between two parameters and the rough prediction of the extrusion pressure. 
However, it should not be disregarded that empirical equations are usually based on several 
assumptions and can just give a general overview of a phenomenon. In the examined case none 
of the equations takes in account that all the examined factors are related. As extrusion  
ratio increases so does adiabatic heating and thus the temperature of the deforming  
material, while lower speed means more intense chilling. Thus the use of these equations cannot 
be used for the prediction of the extrusion pressure but can be used as a reference. 
    
 
 
Figure 3-22  Extrusion pressure as a function of; a) extrusion ratio, b) extrusion speed and  
c) temperature (plotted from data found in [10]). 
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3.8  Extrusion Defects 
 
Extrusion products can develop a number of defects depending on the material and the extrusion 
conditions. The extrusion defects can be categorized into two main groups; surface and internal 
defects, with surface cracking, internal cracking and back end defect being the most important.  
 
3.8.1 Internal Defects 
 
Internal cracking, centre burst or Chevron cracking is caused when tensile stresses develop 
along the central axis of the extrusion. High friction on the tooling-billet interface produce 
sound components, while low friction promotes the formation of internal cracks [7]. In rods and 
solid extrusions they develop along the centreline, while during tube extrusion they occur on the 
inside surface of the tube [2]. Chevron cracking can be minimized by decreasing the die angle 
and impurity content or increasing friction and extrusion ratio.   
 
Piping Defect, also known as tailpipe or fishtailing effect is mainly caused when the deforming 
material follows the C type flow pattern. The phenomenon is slight or absent during the B flow 
pattern and does not occur when the material flows according to the A flow pattern [10]. As 
aforementioned in paragraph 3.5.1 the material that is in contact with the container cools and 
forms an undeformable shell. According to Dieter [7] after the two thirds of the billet  is 
extruded, or the 70 to 80 % according to Lefstadt [5], the rigid shell deforms and flow along the 
path of least resistance to the back area of the billet, where it builds up in front of the pressure 
pad and then flows towards the core of the billet and the funnel of the deformation zone. Surface 
oxides and impurities are transferred to the centre of the extruded product as internal stringers 
causing extensive contamination of the extrudate. This will appear as an annular ring of oxide 
on the hoop cross-section of the extrusion. According to Kalpakjian and Schmid [2], as much as 
one-third of the total length of the product can be contaminated and must be discarded. The 
problem is worsened if extensive lubrication is used on the pressure pad-billet interface or if 
there is bad fitting between the pressure pad and the container. A worn container liner  
and considerable upset of the billet to fit the extrusion chamber are also believed to make  
the problem more intense [5]. Piping defect can be overcome by the mechanical or chemical 
removal of the surface impurities and oxide layer, flow pattern modification, heating  
the container (reducing billet chilling) or by using a pressure pad that scalps the  
outer undeformable shell. Alternatively the extrusion process can be carried out to the point  
that the contaminated-oxidized outer shell begins to enter the die, with the remaining  
(up to thirty per cent) billet discarded [10].    
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Back end defect. If the extrusion is carried out to the point that the remaining billet is about one 
quarter of the billets diameter, an axial hole or funnel can be created at the rear end of the 
discard because of rapid radial flow of the material into the die [7]. Both diameter and the depth 
of the funnel increase gradually as the process proceeds [8]. The non solid disk comprises the 
discard and must be removed. The use of an inclined face ram is believed by Kalpakjian and 
Schmid [2] to be the solution to the problem. 
 
3.8.2 Surface Defects 
 
Surface cracking is caused by two main effects; hot shortness and stick-slip effect. Hot 
shortness occurs during hot extrusion if for some reason (high billet temperature, high extrusion 
speed or very high friction) the surface temperature of the deforming material rises significantly. 
In that case cracks initiate and propagate along the grain boundaries (intergranular). Aluminium, 
magnesium and zinc are more prone to this type of defect [2]. Lowering the billet temperature, 
improving the lubrication and / or decreasing the extrusion speed help avoid the problem.  
Stick-slip effect occurs at relatively low temperatures and is the periodical sticking of the 
extrudate to the die surface (bearing). When the extrusion product sticks to the die land because 
of poor lubrication the extrusion pressure rises rapidly. When extrusion pressure exceeds a 
critical value it forces the material to flow forward, then diminish again to the equilibrium 
value. After a while, the friction resistance becomes higher than the extrusion pressure again 
and so the extrusion product sticks to the die land once more. This stick-slip cycle is repeated 
causing a set of circumferential surface cracks along the length of the extrusion. This defect is 
also known as the bamboo defect [2]. Surface cracks also occur when the surface temperature of 
the extrusion exceeds the liquidus temperature of any second phase existing in the alloy. 
 
Blister. Extrusion defects can also occur due to the incorrect use of lubrication. Non-continuous 
and uniform lubricant film between the billet and the container can cause the formation of shear 
zones and thus the development of surface cracks. Lubricant can be transferred to the interior of 
the deforming material along shear bands and contaminate the extrudate [7]. If a lubricant layer 
is dragged and trapped under the extrudate surface a gaseous pocket may be formed as the 
temperature increases causing a problem known as blistering. The same problem can be caused 
if an oxide from the billet surface is trapped under the extrusion surface.    
 
Pick up and Die lines can be observed on the extrudate surface as longitudinal grooves or lines 
along the whole or parts of the total length of the extrusion product. Pick up lines are formed 
when a film of the extruding material builds up on the die exit surface. The material chills down 
due to the lower temperature around the die exit (compared to the area around the die entrance) 
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and thus becomes slightly harder than the freshly extruded surface of the extrudate. This 
hardening in addition to any coarse intermetallic particles or precipitate that might be present in 
the material scratch the soft fresh extruded surface of the moving extrudate. Similar grooves and 
lines are created if the die land surface is not well prepared.    
 
The mechanical and chemical cleaning of the billet surface is only used during the production of 
expensive products. The increased cost of these methods renders them prohibitive for industrial 
use. In large scale production the defective surface of the billet is usually been sheared off. This 
shearing can be achieved by either the used of a pressure pad or by the formation of a DMZ. In 
the first case a pressure pad is placed between the ram and the billet with a substantially smaller 
diameter than the billet itself. As the ram advances it push the pressure pad onto the billet. This 
forces the billet material to shear, leaving a shell in the container, as thick as the clearance 
between the pad and the container. The shell is discarded after the completion of the extrusion 
along with the discard. The diameter of the pressure pad has to be chosen so that the thickness 
of the formed shell is slightly bigger than the thickness of the defective layer of the billet. If the 
clearance between the pressure pad and the container liner is small, defects near but sub-surface 
of the billet might not be removed, or even a non-continuous shell might be produced. The latter 
can also cause non-uniform frictional conditions along the billet and the container interface. It is 
essential that the pressure pad is well centred, since if not an eccentric shell might be formed 
and thus a partial or semicircular defect can appear in the extrudate [10]. During the initial stage 
of conventional forward extrusion the total volume of the extrusion product is generated from 
the interior of the billet. The formation of dead metal zone retards the movement of the outer 
surface of the billet, shears it of giving a new, clean surface to the extrudate. As extrusion 
proceeds the surface of the billet might enter the interface between the dead metal zone and the 
deforming material and flow through the die orifice to the extrusion product. According to 
Avitzur [1], the velocity of the surface material of the billet along the interface between the dead 
metal zone and the deforming material is described as: 
 
12
2
cosa
r
r
uu
f
f−=  (eq. 3.8) 
 
where: u = the surface material velocity 
uf = the velocity of the material in Zone III (Figure 3-13)  
r = the distance between the surface material and the apex of the velocity cone 
rf = the distance between the Zone II and III interface and the apex of the velocity cone  
α1 = the semi-cone angle of the dead metal zone 
 
Equation 3.8, states that the larger the semi-cone angle, α1, of the dead metal zones (and thus  
the larger the reduction), the slower the surface material of the billet will move towards the  
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die entrance and thus the longer it will stay in the extrusion chamber. That way the surface 
material of the billet can be delayed in the container until the end of the extrusion and thus 
prevented from entering the extrusion product. Attention should be paid to the minimum 
feasible thickness of the discard left. If extrusion proceeds further than a critical point it is 
possible to the surface material of the billet to show up as a sub-layer below the extrusion 
product surface, causing internal defects.       
  
Extrusion products are often characterized by non uniform microstructure and texture from  
front to back due to non uniform extrusion conditions (billet and tolling chilling,  
non uniform lubrication) and flow inconsistencies. Grain growth and recrystallization can also 
affect the quality of the process.   
 
 
3.9  Extrusion Modelling  
 
The behaviour and thus the properties of an alloy during extrusion depend not only on their 
physical and mechanical properties, but also on the conditions under which the deformation 
takes place. The main factors that should be known are; the extrusion temperature, strain, strain 
rate and the geometry of the tooling. In order to be sure about the quality of the extruded 
products, whilst avoiding costly and time consuming “trial and error” experiments, several 
attempts have been made to understand the process in relation to the external process conditions 
and thus to optimize the procedure.  
 
In recent years Finite Element Modelling (FEM) simulation has advanced considerably and 
gained momentum in the simulation of complex metal forming processes such as extrusion [11]. 
Dashwood et al [12] mention that there are some disadvantages in their use. The first 
disadvantage associated with the computer simulation of the extrusion process is that the 
majority of the FEM programmes are so complex and difficult to use that extensive training, 
manpower and computer power is required. The other one is the complexity of the extrusion 
process; even in the axi-symmetric case there are factors that lead to high localized deformation. 
The way the material deforms during extrusion and the load that is required for this is not 
constant along the whole volume of the material, with certain areas of the material experiencing 
a high degree of deformation, whilst others experience only a small degree of deformation. In 
the former (high deformation areas) the amount of the heat generated due to the work  
imparted to the material is high, while in the latter (low deformation areas) it is low. Since  
the flow stress of the material depends on its temperature, these temperature variations lead  
to significant variations in strain and strain rate from area to area of the material as deformation 
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occurs. This requires constant remeshing of the workpiece during the computation phase  
and thus to long computation times. These factors, along with the high cost of developing  
and applying a FEM model for extrusion, make it beyond the scope of many companies 
working in the metal forming field. 
 
These problems can be overcome by the use of one of the generic, commercial metal 
deformation simulation packages that have been developed in recent years.  Whilst these have 
not been primarily developed for extrusion simulation, they can be successfully applied for this 
process. These packages are relatively affordable, can be used on relatively inexpensive 
computers and can be operated by non-experts since no intensive training is needed [5, 12].  
 
3.9.1 Previous work 
 
The most common commercial deformation packages are FORGE®, DEFORM® and 
ABAQUS®; all three have been used in the simulation of extrusion process.  
 
Daswood and McShane [12] used FORGE2® to successfully predict the behaviour and 
microstructural evolution (subgrain size) of AA7075 rod during extrusion and proved that it is 
possible to produce a limit diagram for an alloy without having to perform the actual 
experiments. Thackray et al [13] used FORGE2® to investigate the effect of tooling conditions 
and material properties on billet surface layer flow during the rod extrusion of AA5083. A good 
agreement was achieved between the experimental and the computed deformed grid patterns. 
Duan and Sheppard [14] intergraded some physical models based on dislocation density, 
subgrain size and misorientation into FORGE2®, in order to study the volume fraction 
recrystallized after press quenching and the recrystallized grain size after solution treatment. 
Peng and Sheppard [15] and Duan et al [16] also used FORGE® to predict surface cracking 
during the hot extrusion of AA2014 and AA2014, AA2024 and AA6063 respectively. 
 
Chanda et al [9] used DEFORM®3 to determine the state of stress, strain and temperature 
during AA6061 rod extrusion through both square and round dies, while Zhou et al [17] used 
the same simulation package to support their experimental data showing that the continuing 
temperature increase occurring normally during conventional extrusion can be inhibited through 
a continuous ram speed variation.   
 
3.9.2 FORGE®2008 
 
FORGE®2008 is a commercial deformation package. The FORGE®2008 2D version is 
developed in France by a joint research program between SNECMA (France) and Ecole Des 
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Mines (France), while the 3D version between PEUGEOT S.A. (France), FORGES DE 
COURCELLES (France), PECHINEY (France), SAFE ASCOMETAL (France), TESKID 
(Italy) and Ecole Des Mines (France). This software, although originally created for the 
simulation of hot, warm and cold forging operations of both 3D parts (steering knuckles, 
crankshafts, twin connection rods, lower arms, constant velocity joints, bevel gears, aircrafts 
landing gears, fan blades, engine mountings, wing components) and 2D parts (cylinders, axles, 
shafts, gear blanks, rings, fasteners and wiredrawing, aircrafts disks, blades and wheels, bearing 
cages, railway wheels) can be successfully used to simulate the extrusion process. 
 
FORGE®2008 uses thermo-viscoplastic laws for hot working, where the thermal effects and the 
large deformations dominate, and thermo-elastoplastic laws for warm and cold working, where 
elastic deformation cannot be neglected. It provides the simultaneous calculation of 
deformation, heat transfer and friction. The input data include the geometric definition of the 
tooling and raw material, the rheology and thermomechanical data of the material and the 
tooling, as well as data about the friction at the tooling-material interface. The output of the 
package includes the stress, strain, strain rate, temperature distribution, shape change and the 
extrusion load [13]. A thermo-elastic coupled computation in the dies is also possible and thus 
temperature and stresses in the dies can be calculated, as can die deflection. The thermal and 
mechanical equilibrium equations at each time step are solved according to the finite element 
method, with a 4-node tetrahedron element used for the discretization of the part in a 3D model, 
and a 3-node triangular element in a 2D model. One essential aspect of the package is  
the automatic meshing and remeshing of the deformation piece during computation. There  
is also the possibility for the user to define subroutines. The large number of elements used 
leads to more accurate computations. Very critical for accurate simulation results is the quality 
of the input data, most critically the rheology of the deforming material, as well as the thermal 
and friction conditions between the several components [9]. 
 
The FORGE®2008 package is divided into three main sections: 
 
• Pre-processing 
 
• Computation 
 
• Post-processing 
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Pre-processing 
 
Pre-process is the first step of the simulation process. Before starting the simulation there are 
several files that have to be created.  
 
• Outline files of the workpiece and dies. 
• Material files, where the thermomechanical behaviour of the workpiece and tooling 
(die, container, stem, ram) are defined.  
• Files containing data regarding the boundary conditions between the billet and the 
tooling, namely; friction and heat exchange. 
 
Computation  
 
The thermal and mechanical equilibrium equations at each time step are solved according to  
the finite element method, with a 4-node tetrahedron element used for the discretization of  
the part in a 3D model and a 3-node triangular element in a 2D model. An automatic  
remeshing procedure enables the simulation of geometrically complex parts, in 2D and 3D. 
 
Post-processing 
 
FORGE®2008 comes with a post-processor through which the distribution of parameters such 
as temperature, stress, strain, strain rate, displacement and metal velocity can be plotted  
on contour maps. In FORGE®2008 there is also potential to construct a grid pattern and  
apply it to the extrusion simulations. After extrusion, these patterns can be visualized and  
thus it is possible to trace the flow of the billet during deformation. Data of some specific  
nodes can be extracted by attaching sensors to areas of interest and then to study how  
several parameters alter throughout the procedure. Another very useful feature is the backwards 
or “a-posteriori” sensors. These kinds of sensors are defined after the simulation is finished  
and can be attached on specific nodes. In that way it is possible to select a node in an area of 
interest and trace its flow backwards.  
 
Schematics of the used model are shown in Figure 3-23. The dimensions of the tooling and 
billet can be found in Table 3-5. Tooling and workpiece dimensions were the same in both 
simulation and actual extrusions. The only exception was the width of the container wall which 
was reduced in the model for computational efficiency. However, the container width used in 
the simulation was selected in a way that did not affect the process. 
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Figure 3-23  Schematic of tube extrusion model through; a) flat and b) conical faced dies. 
 
 
Component LER Rod HER Rod FD Tube CD Tube 
Ram od: 75 mm od: 75 mm od: 75 mm od: 75 mm 
Pad od: 74 mm h : 30 mm 
od: 74 mm 
h : 30 mm 
od: 74 mm 
id: 35mm 
h : 30 mm 
od: 74 mm 
id: 35mm 
h : 30 mm 
Stem - - od: 35 mm h: 150 mm 
od: 35 mm 
h: 150 mm 
Container id: 75 mm h : 130 mm 
id: 75 mm 
h : 130 mm 
id: 75 mm 
h : 130 mm 
id: 75 mm 
h : 130 mm 
Billet 
Al 
od: 72 mm 
h : 90 mm 
Al 
od: 72 mm 
h : 90 mm 
Al 
id: 37 mm 
od: 72 mm 
h : 90 mm 
Al 
id: 37 mm 
od: 72 mm 
h : 90 mm 
Mg 
od: 73 mm 
h : 90 mm 
 
Mg 
od: 73 mm 
h : 90 mm 
 
Mg 
id: 37 mm 
od: 73 mm 
h : 90 mm 
 
Mg 
id: 37 mm 
od: 73 mm 
h : 90 mm 
 Ti 
od: 72 mm 
h : 90 mm 
 
Ti 
od: 72 mm 
h : 90 mm 
 
Ti 
id: 37 mm 
od: 72 mm 
h : 90 mm 
 
Ti 
id: 37 mm 
od: 72 mm 
h : 90 mm 
 Zr 
od: 70 mm 
h : 90 mm 
 
Zr 
od: 70 mm 
h : 90 mm 
 
Zr 
id: 40 mm 
od: 70 mm 
h : 90 mm 
 
Zr 
id: 40 mm 
od: 70 mm 
h : 90 mm 
 
Die id:41.5mm h : 20 mm 
id:25.2 mm 
h : 20 mm 
id:41.5mm 
h : 20 mm 
id:43mm 
h : 20 mm 
 
Table 3-5  Dimension of tooling used in both modelling and actual extrusion trials. 
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A relatively fine mesh was selected for the area before the die orifice; since it is there that the 
material experiences the double shear deformation that promotes both the microstructure and 
texture development in the extrudate. An even finer mesh was used in the extrudate since this is 
the main area of interest and accurate data concerning the temperature, stress, strain and strain 
rate are needed. In order to limit the computation time, a coarser grid was selected for the 
pressure pad, stem, container and die. All the extrusion simulations were performed under the 
same conditions as the experimental trials. The only difference between the extrusion trials and 
the modelling was the final height to which the billets were extruded. In all models the billets 
were extruded down to a height of 50 mm, as compared to 55 mm for the actual extrusions.   
 
The input data required for the simulations consisted of; the definition of the geometry of all the 
used components (pressure pad, stem, container, billet, die), rheological data of the billet 
material and plastic properties for H13 tooling material, thermal data for the billet and the 
tooling and data pertaining to the heat transfer and friction at the billet tooling interface. 
 
Deformation Behaviour. The equation used by FORGE®2008 to describe the flow stress 
dependence of the billet material on temperature (T), strain (ε), and strain rate (ε& ) is based on 
the Norton-Hoff strain hardening power law, and is given by equation 3.9: 
 
( ) 





=
+
T
k nm
m β
εεσ exp3
1
00 &  (eq. 3.9) 
 
where,  0σ , flow stress 
              
ε , strain  
             ε& , strain rate  
             
m , strain rate sensitivity 
              
n , work hardening exponent 
             T , temperature 
             0k  and β , constants 
 
The values of  0k , β  and m  where found using a multiple regression calculation on flow  
stress data obtained from compression tests and are given in Table 3-6. The work hardening 
exponent was set to zero, since no significant work hardening was observed in the flow  
curves (see paragraph 4.4.3).  
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Friction. In FORGE®2008 there are three kinds of friction laws available; Tresca, viscoplastic 
and Coulomb friction. The Tresca friction law, which was used in this research, equals to a 
fraction of the shear yield stress of the workpiece material and is given by the equation 3.10. 
  
3
0στ m=
 (eq. 3.10) 
 
where: 0σ , the mean equivalent yield stress 
            m , friction coefficient  
 
Heat Loss. The heat equation is given by the Fourier’s law:  
 
( )( ) wTgradkdiv
dt
dT
c &+=ρ  (eq. 3.11) 
 
where: ρ , the material density 
            
c , the specific heat capacity  
             k , the thermal conductivity 
            
w& , the heat dissipation 
 
Norton-Hoff viscoplastic heat dissipation is given from the type: 
 
εσ && ovq =  (eq. 3.12) 
 
where:
 
vq& , the Norton-Hoff viscoplastic heat dissipation  
            oσ , the mean equivalent yield stress 
            ε& , the strain rate 
 
Dissipation through Radiation on the free surface is given as:  
 ( )404 TTQ rr −= σε&  (eq. 3.13) 
 
where: rε , emissivity,  
            rσ , Stephan constant  
            0T , ambient temperature 
            T , temperature 
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Surface dissipation due to friction and conduction with the tooling. The friction heat is 
distributed between the billet and the tool according to the following equation:  
 
211 / bbb +  (eq. 3.14) 
 
where: 1b , the effusivity of the billet
     
            2b , the effusivity of the tool. 
 
The rheological, thermal and friction data of AA2014, CP Mg, CP Ti, Zr-2.5Nb and H13 
toolsteel used as input data for the extrusion simulation of are given in Table 3-6. 
 
Properties AA2014 CP Mg CP Ti Zr-2.5Nb H13 Steel 
Thermal Data 
Density (kg.m-3) 2800 1740 4510 6510 7850 
Specific Heat (J.kg-1.°C-1) 880 1025 667 353 778 
Thermal Conductivity (W.m-1.K-1) 185 159 21.4 25.2 35.5 
Heat Transfer Coefficient: 
Billet-Tooling (W.m-2.K-1) 15k 11k 2-10k 2-10k - 
Heat Transfer Coefficient: 
Billet-Air (W.m-2.K-1) 10 10 10 10 - 
Emissivity 0.15 0.07 0.395 0.361 0.88 
Rheology Data 
B 3039 3011 11601 8087 - 
N 0.0 0.0 0.0 0.0 - 
K 0.709 0.23 0.002 0.040  
m 0.161 0.165 0.259 0.198 - 
Friction Coefficient between specimen and tooling 
Tresca Coefficient Sticking Sticking 0.2/1.0 0.2/1.0 - 
 
Table 3-6  Rheology and thermal data for compression testing simulation. 
 
 
 
3.10  Tube and Rod Extrusion  
 
Since only a given number of extrusions were conducted and since the interest of this work is 
not the financial improvement of the extrusion process, factors such as cost per unit and 
productivity were not taken in account during the extrusion type selection. The selection was 
made in a way that would provide a relatively easy comparison between the four materials used 
and thus to secure results concerning the differences between the deformation mechanisms 
involved and their influence on the extrusion product properties. At the same time  
the equipment, experiment conditions, tooling and materials used were kept as close as possible 
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to those used in mass production practice. This makes the transfer of the knowledge and  
the results obtained back to industry easier.     
 
Aluminium and magnesium tubes can be produced through all the aforementioned techniques  
(see paragraph 3.4). Their relatively low strength make deformation feasible at lower 
temperatures, while direct, indirect and hydrostatic extrusion modes can be used for the 
production of tubes from these metals. The high strength of titanium and zirconium renders cold 
and warm forming impossible. Impact extrusion and extrusion through a “torpedo” or a “spider” 
die is not feasible due to the low strength of the tooling at the extrusion temperatures required 
for these materials. The absence of lubrication in the former two cases is an additional obstacle 
for the extrusion of these high strength materials. Furthermore a sheath material has to be used 
in order to comply with needs of the industrial production of zirconium pressure tubes. This is a 
further barrier in the use of “torpedo” or “spider” dies for the extrusion of zirconium. 
       
For these reasons, all extrusions where carried out in an ENEFCO 5 MN hydraulic vertical 
press, acting in the conventional direct extrusion mode. The dimensions of the tooling and billet 
used can be found in Table 3-5. The materials were deformed hot, at temperatures over their 
recrystallization temperatures (hot extrusion). All billets prior to extrusion where heated to the 
required temperatures using a LENTON air circulatory furnace, and held at that temperature for 
an hour to ensure homogenous heating (Table 3-7).  
 
Material AA2014 CP Mg CP Ti Zr-2.5Nb 
Temperature (°C) 550 400-550 1050 1000 
 
Table 3-7  Pre-heat temperatures prior extrusion. 
 
Zr-2.5Nb billets were clad in copper and then coated with Achesons Deltaglaze 3418  
(low melting point glass) before heating, while CP Ti billets where just coated in  
Deltaglaze. Deltaglaze prevents the extensive oxidazation during heating and act as a lubricant 
during extrusion.   
 
Prior to tube extrusion the billets were bored and machined to the desired dimensions in order to 
obtain concentric products and eliminate the occurrence of defects in the extrusion product 
because of possible impurities on the billet surface. The mandrel was rigidly fixed on the press 
ram and very precisely aligned with the container and the die. A pressure pad smaller than the 
container liner diameter (74 mm for the pressure pad cf 75 mm for the container liner) was used 
in order to produce good surface extrusion products.  
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The billets were extruded to nearly half its original length (to a final height of 55 mm) in order 
to be able to examine the material flow during the process. Prior to extrusion, the billets  
were split in half along the longitudinal axis and a grid pattern was wire electro-discharge 
machined onto one of the two halves. A small amount of boron nitride was applied to the  
faces of both billet halves prior the Zr-2.5Nb and CP Ti extrusion in order to prevent  
the re-welding of the material and make the split of the two halves easier after extrusion. In  
CP Mg and AA2014 cases, where relatively lower temperatures where involved, a high 
temperature graphite lubricant was used instead.  
 
Two types of final products were extruded, rods and tubes. Rods were produced through  
a flat-faced die under 3.27:1 and 8.86:1 extrusion ratios. Tubes were extruded through a flat-
faced and a 60° conical dies under 8.85:1 and 7.05:1 extrusion ratios respectively (Table 3-8). 
 
Extrusion  LER Rod HER Rod FD Tube CD Tube 
Extrusion Ratio 3.27 8.86 8.85 7.05 
 
Table 3-8  Extrusion ratios for the different extrusion types conducted. 
 
The ram speed used was material related (3 mm.s-1 for AA2014 and CP Mg and 10 mm.s-1 for  
CP Ti and Zr-2.5Nb), but was the same for both rod and tube extrusions for a given material.  
 
Material AA2014 CP Mg CP Ti Zr-2.5Nb 
Ram speed (mm.s-1) 3 3 10 10 
 
Table 3-9  Ram speed. 
 
The tooling temperature was kept constant during all the extrusions and is shown in Table 3-10.  
 
Toolinng Pad Stem Die Container 
Temperature (°C) 50 50 350 350 
 
Table 3-10  Tooling temperature.  
 
All extrudates were immediately water quenched upon emerging from the die, in an attempt to 
retain the high temperature microstructure. 
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4.1 Experimental Techniques
 
4.1.1 Summary 
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Isothermal Compression Test 
 
Three samples where machined out of each 
Struers Accutom-51 (Figure 
 
 
Figure 4-1  Schematic and picture of the metallographic and 
a compression specimen
 
Initially the deformed cylinder was dichotomized normal to the compression direction to form 
two identical disks. O
was halved along the compression direction
microscopy examination; one for investigation of the microstructure along the radial
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Extrusion Trials 
 
From the two halves of each semi
examination of the material flow, while from the second half four samples 
optical microscopy and two for X-ray diffraction analysis. Two 
were taken from the un-extruded billet material and other two from the extrudate; one for the 
examination of the developed microstructure along the extrusion
along the radial-hoop plane (RD) (Figure 
was taken from the maximum shear plane
(DMZ) - material flowing (MF) interface, while the other from the extrudate (with the normal 
axis of the XRD disk parallel to the radial axis of the extrudate
 
 
Figure 4-2  Schematic and picture of the metallographic and 
a semi-extruded billet. 
 
4.1.2 Macroscopic Examination
 
After extrusion, the engraved with the gridded
degreased and pickled in order to make the flow patterns more clear. A solution of 2 per 
hydrofluoric acid and 40 per cent nitric acid in water was used for 
titanium (CP Ti) and Zr-2.5 wt. % 
in a solution of sodium hydroxide in water. 
cleaned in alcohol, since not even mild acid solutions were found to give good result
without attacking the material. 
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4.1.3 Optical Microscopy 
 
AA2014, CP Ti and Zr-2.5Nb light microscopy samples after machined were mounted in 
bakelite, using a METASERV automatic mounting press2 (Figure 4-3). CP Mg samples were 
cold mounted in resin since the temperature-strain combination that developed during the hot 
mounting process was found to cause significant deformation to the relatively soft material, 
leading to the formation of extensive deformation twinning.  
 
 
 
 
Figure 4-3  Equipment used for the sample preparation; a) Struers Accutom-5, b) METASERV 
Automatic Mounting Press, c) Struers Rotopol-15. 
 
After mounted, the samples were mechanically ground and polished in a Struers Rotopol-153  
(Figure 4-3). Grinding was performed using 500, 800, 1200, 2400, and 4000 grit papers, starting 
with a grinding time of 1 minute and doubling for each step, at a rotation speed of 200 rpm and 
a force of 10 N. Water was used as a cooling agent and lubricant apart from the case of CP Mg 
where a methanol-glycerol solution was used instead, in order to minimize the oxidation of the 
material. The polishing step that followed involved a quarter micron colloidal silica suspension 
(OPS) for 15 minutes at a rotation speed of 250 rpm and a force of 10 N. Instead of the colloidal 
silica suspension, 0.25 µm diamond paste was used in the case of CP Mg, since OPS was found 
to attack magnesium. Once polished, the AA2014, CP Mg and CP Ti samples were etched  
by immersion using a solution containing 2 ml HF, 3 ml HCl, 5 ml HNO3 in 190 ml of  
distilled water (Keller’s reagent), a solution of 5 ml acetic acid, 6 ml picric acid, 10 ml H2O in 
100 ml of ethanol and a solution of 2% HF and 10% HNO3 in distilled water respectively. 
  
4.1.4 Electron Microscopy 
 
The very fine microstructures observed in the Zr-2.5Nb extrusions rendered their examination 
under a light microscope very difficult. Thus a scanning electron microscope (SEM) was used 
                                                 
2
 METASERV Automatic Mounting Press, Department of Materials, Material Processing Lab,  
Asset No. MM02709 
3
 Struers Rotopol-15, Department of Materials, Material Processing Lab, Mat. Asset No. MM02657 
(a) (b) (c) 
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for that purpose. The samples were mechanically prepared according to the process described in 
paragraph 4.1.3 and then etched using a solution of 15 ml HNO3 and 5 ml HF in distilled water.  
 
4.1.5 Texture 
 
In order to fully understand the effect of the different deformation conditions on the workpiece 
properties it is essential to know the grain orientation within the samples. The method used to 
observe the developed texture was via X-Ray Diffraction (XRD). Philips X’Pert MRD4 machine 
was used for the texture measurements. The samples examined were disks of 15-20 mm 
diameter and 2 mm thickness. After mounted they were mechanically ground using water 
lubricated silicon carbide papers and then polished. Grinding was done using 500, 800, 1200, 
2400, and 4000 grit papers, starting with a grinding time of 1 minute and doubling this for each 
step, at a rotation speed of 200 rpm and a force of 10 N. Polishing involved using the OPS 
solution for 15 minutes at a rotation speed of 250 rpm and a force of 10N. A 0.25 µm diamond 
paste in an ethanol-glycerol solution was used as lubricant in the CP Mg case. The examined 
planes and 2θ angles are illustrated in Table 4-1. For all cases holds that λ = 0.1542 nm. 
 
AA2014 
Plane  
4-1 
 
4-2 
 
4-3 
 
4-4 2θ 38.70° 44.99° 65.52° 78.78° 
CP Mg 
Plane     
2θ 34.43° 36.68° 47.86° 57.43° 
CP Ti 
Plane     
2θ 38.47° 
 
40.18° 53.03° 62.99° 
Zr-2.5Nb 
Plane  
4-5 
 
4-6 
 
4-7 
 
4-8 2θ 36.53° 47.99° 56.97° 63.60° 
 
Table 4-1  2θ angle for the examined planes. 
 
Pole figures where constructed from the data obtained from the Philips X’Pert MRD machine 
using popLA, a preferred orientation package texture analysis software. The raw data were first 
rotated and tilted so that compression/extrusion direction was parallel to one of the principal 
axes of the material. Philips X’Pert MRD can only scan between 0 and 80° of the sample plane 
normal. Pole intensities for the outer ring of 10° were completed by fitting a spherical harmonic 
coefficient to the data, following which a WIMV fit was completed ignoring the reconstructed 
                                                 
4
 Philips X’Pert MRD, Department of Materials, XRD Lab.  
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pole figures beyond 80°. This is the standard approach recommended for use with popLA 
manual [1] to ignore artifacts such as ghosts.  
 
 
4.2  Material Initial Characterization 
 
Four different materials were involved in this project, namely an aluminium-copper-magnesium 
alloy (AA2014), commercial pure magnesium (CP Mg), commercial pure titanium (CP Ti) and 
a Zr-2.5 wt. % Nb (Zr-2.5Nb) alloy. The AA2014 was supplied as semi-continuous cast billets, 
300 mm long by 75 mm diameter, by Alcan International (Banbury, UK). CP Mg was acquired 
from Magnesium Electron Limited (Manchester, UK) as cast billets, 90 mm long  
by 73.5 mm diameter, while CP Ti as 290 mm long by 75 mm diameter billets from Timet 
(Birmingham, UK). Zr-2.5Nb was supplied for the project as three rigid billets (90 mm long  
by 70 mm diameter) and three hollow billets (90 mm long, 70 mm outer diameter and  
40 mm inner diameter) by AECL, Chalk River Laboratories (Chalk River, Ontario, Canada). 
   
Prior to any experiment a basic characterisation of the as received materials was conducted. 
Apart from the chemical composition and the initial microstructures and texture that were 
obtained for all the examined materials, for CP Ti and Zr-2.5Nb the effect of temperature on the 
microstructure was also investigated.  
 
4.2.1 Chemical Composition 
 
The chemical compositions of the involved materials are shown in Table 4-2. The chemical 
analysis data of AA2014, CP Mg and CP Ti were obtained from the companies that  
the materials were provided from, while the analysis of Zr-2.5Nb was conducted from  
IncoTest (Hereford, UK). The CP Ti falls within the composition range for Grade 2 CP Ti. 
 
AA2014 CP Mg CP Ti Zr-2.5Nb 
Element % Element % Element % Element % 
Al balance Mg balance Ti balance Zr balance 
Cu 4.4 Zn 0.004 C 0.1 Nb 2.58 
Cr - Al 0.006 H 0.015 H <10ppm 
Fe 0.2 Si 0.008 O 0.25 O 0.092 
Mg 0.47 Cu 0.001 Fe 0.30 Fe 0.06 
Mn 0.78 Mn 0.017 N 0.030 N 0.002 
Si 0.78 Fe 0.003   Ta <0.01 
Ti 0.013 Ni <0.001   Ni <0.01 
Zn 0.02     Cr 0.03 
Other, each max 0.05     Hf <0.01 
Other,total max 0.15     Sn 0.02 
 
Table 4-2  Chemical composition of AA2014, CP Mg, CP Ti and Zr-2.5Nb in weight %, except 
where stated ppm. 
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4.2.2 Optical Microscopy 
 
Light microscopy specimens were machined of the as received materials and prepared as 
described in paragraph 4.1.3. The micrographs obtained are presented in Figure 4-4. 
 
 
 
Figure 4-4  Light micrographs illustrating the different microstructures observed in the four as 
received materials used; a) AA2014, b) CP Mg, c) CP Ti and d) Zr-2.5Nb.  
 
As seen in Figure 4-4(a), as received AA2014 exhibits a nearly equiaxed microstructure with an 
average grain size of 70 µm. A relatively high population of AlCu2 precipitates are observed in 
both the grain boundaries and the volume of the grains.  
 
The initial CP Mg microstructure consists of large equiaxed grains too. However in this case the 
mean grain size is 115 µm.  Extensive twinning is evident in Figure 4-4(b).  
 
Equiaxed microstructure also characterizes the as received CP Ti specimen, Figure 4-4(c). Grain 
size analysis showed an average grain size of 220 µm. Some evidence of twinning can be seen 
in a couple of grains, although the phenomenon is not as extensive as in the as received CP Mg.  
 
The Zr-2.5Nb specimen exhibits a fine basket-weave Widmanstätten microstructure as seen  
in Figure 4-4(d). Promonotectoid α phase nucleated at the grain boundaries is evident. 
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4.2.3 Texture 
 
Figure 4-5 illustrates the texture developed in the as received materials. The plane normal to  
the pole figures corresponds to the radial axis (RD) of the material billets, while the 
extrusion/axial (ED) and hoop/transverse (HD) direction lie within the paper plane, as stated. 
 
 
 
Figure 4-5  Pole figures showing the 	
, 	
, 	
 and 	
 poles of AA2014 and the 
	
, 	
, 	
 and 	
 poles of CP Mg, CP Ti and Zr-2.5Nb as received materials. 
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As seen in Figure 4-5(a), the AA2014 specimen exhibits a duplex 	111
 and 	100
 texture. The 
majority of the 	111
 poles are found along the pole axis, while a smaller number of peaks of 
moderate to low intensity can be seen scattered around the pole axis. The intensity of the 	100
 
texture is even stronger (4.0-4.5 times random for the 	100
 pole compared to 2.5-3.0 for  
the 	111
), with the largest fraction of peaks along the pole figure axis. Two secondary texture 
components are also evident. Six peaks of moderate intensity are located 50-60° from the  
pole axis and 60° apart from each other, while another fraction of low intensity peaks are 
inclined 90° from the pole axis towards the radial direction of the billet thus forming a  
ring around the pole figure. No profound orientation can be identified in neither the 	110
 nor 
the 	311
 pole figures since their maximum peaks do not exceed the 0.5-1.25 times of random. 
  
Four main peaks of high intensity characterize the 	0002
 pole figure of the as received  
CP Mg specimen. The peaks are inclined 10-30° from the pole axis and towards the hoop 
direction and 20-40° towards the axial direction. As seen in Figure 4-5(b) a number of basal 
planes normals are rotated towards the axial direction of the billet. The intensity of the main 
texture component varies between 4.0-4.5 times random, while this of the secondary texture 
component does not exceed the 2.0-2.75 times random. The majority of the 	1120
 peaks are 
aligned along the pole figure axis (2.75-3.25 times random out of a scale of 4.5 times random), 
while a smaller fraction is found inclined 57-67° towards the hoop direction of the  
as received billet (2.00-2.50 times random). The intensity of both 	1011
 and 	1012
 pole 
figures are considerably lower, since they do not exceed the 0.5-1.50 times of random. 
 
The texture of the CP Ti is a close resemblance of the one developed in CP Mg. The majority of 
the basal plane normals are aligned along the 	0002
 pole figure axis, while two secondary 
texture components are also evident. The first of these components consists of four peaks of 
moderate intensity (2.0-2.5 times random), inclined 10-20° from the pole axis towards the hoop 
direction and 15-25° towards the axial direction of the billet. Other two set of peaks rotated  
20-40° and 90° from the pole axis respectively and towards the extrusion axis of the billet are 
found in the 	0002
 pole figure. The intensity of the first peak ranges between 2.0-2.5 times 
random while of the later between 1.25-1.75 times random (out of a scale of 4.5 times random). 
The 	1120
 pole figure of CP Ti is identical with the equivalent of CP Mg. The main fraction of 
the 	1120
 plane normals are aligned along the pole figure axis (2.25-2.75 times random), while 
a smaller number of peaks is located 55-65° towards the hoop direction of the  
as received billet. The intensity of this secondary texture component is 1.75-2.25 times  
random. No profound orientation is identified in none 	1011
 or 	1012
 pole figures. In  
both cases the maximum peak intensity does not exceed the 0.5-1.50 times random. 
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Zr-2.5Nb pole figures exhibit a slightly different texture than the other two hexagonal close 
packed materials. This should be taken into account when analyzing the texture developed in 
both the isothermal compression and extrusion samples produced. Strong texture characterizes 
both 	0002
 and 	1120
 pole figures. The majority of the basal plane normals appear aligned 
with the pole figure axis. However, a considerable number of 	0002
 normals was found 
inclined 35-60° from the pole figure axis towards the billet axial direction, while a  
few other even further to 90°. The intensity of the main peak is 3.0-4.5 times random, the 
second 2.0-2.5 times random, while of the third only 1.25-1.75 times random. One more set of 
low intensity peaks (1.25-1.75 times random) is located 90° from the pole axis and parallel to 
the hoop direction of the billet. Apart from the two texture components that characterize  
the 	1120
 pole figure of both the CP Mg and CP Ti, one more is evident in Zr-2.5Nb. The 
majority of the 	1120
 plane normals are also aligned along the pole figure axis (3.0-4.5 times 
random), while a set of moderate intensity peaks (2.5-3.0 times random) are located  
55-65° from the pole axis and towards the hoop direction of the as received billet. The new 
texture component consists of two set of peaks, 90° from the pole axis and 25-35° from the 
hoop direction of the billet. The intensity of these peaks varies between 2.0-2.50 times random. 
The maximum peak intensity in both 	1011
 and 	1012
 pole figures does not exceed  
the 0.5-1.75 times of random.  
 
 
4.3  Heat Treatment 
 
In order to investigate the effect of temperature on microstructural evolution in CP Ti and  
Zr-2.5Nb, identical samples were heat treated at a range of temperatures below and over  
the material β transformation temperature. All samples were placed in a pre-heated  
Lenton furnace, heat treaded for an hour and then immediately water quenched in an attempt  
to retain the high temperature microstructure. Prior to heat treatment the specimens were  
coated with Achesons Deltaglaze 3418 (low melting point glass) to prevent oxygen absorption.  
 
4.3.1 Optical Microscopy 
 
Metallographic characterization of these samples was carried out using optical microscopy. The 
light micrographs of CP Ti heat treated samples can be found in Figure 4-6, while the 
corresponding of Zr-2.5Nb in Figure 4-7.  
 
Large equiaxed grains characterize both 860°C and 880° CP Ti specimens. As temperature rises 
to 900° and 910°C, intense evidence of twinning can be seen, presumably due to anisotropy  
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in thermal contraction strains upon cooling. Samples heated at 920°C and up to 970°C show  
a martensitic α´ microstructure. Therefore the β transus temperature of CP Ti is found  
to be between 910°-920°C. This is in accordance to the literature [2], that refers to 915°C. 
 
 
 
Figure 4-6  Light micrographs illustrating the effect of temperature on the microstructure 
development in CP Ti; a) 860°C, b) 880°C, c) 900°C, d) 910°C, e) 920°C, f) 930°C, g) 950°C  
and h) 970°C. 
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Figure 4-7  Light micrographs illustrating the effect of temperature on the microstructure 
development in Zr-2.5Nb; a) 800°C, b) 820°C, c) 840°C, d) 860°C, e) 880°C and f) 900°C. 
 
The Zr-2.5Nb samples heated at temperature between 800°C to 840°C exhibit a retained  
basket-weave Widmanstätten microstructure. Promonotectoid α phase nucleated at the grain 
boundaries is evident in all three samples (Figure 4-7(a-c)). Side plates grow into the grain  
from the original grain boundary α plate [3]. Specimens heat treated at temperatures above  
to 860°C and up to 900°C show a complex microstructure, consisting of a martensitic α´matrix 
with islands of equilibrium α phase [4]. From Figure 4-7 it is apparent that as the temperature 
increases the amount of α phase decreases (and the martensitic phase increases). This indicates 
that these samples are still in the α+β phase region. This complies with the literature according 
to which the α+β field in Zr-2.5Nb extends from about 597-927°C [5]. The β transus  
of zirconium is 862°C [4, 6]. 
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4.4  Isothermal Compression Tests   
 
4.4.1 Intro – Hot Workability 
 
Work in all hot working processes has to take place in a specific temperature range. In that 
range the deforming material has to exhibit sufficient plasticity in order for the shaping process 
to take place with the available means (press capacity) without the onset of fracture. That 
parameter is known as material workability. The upper and the lower limits of that range  
are determined by effects such as hot shortness and tooling lifespan or work-hardening 
respectively [7]. In order for a metal forming process to be successful and for a product with the 
desired microstructure and properties achieved, the workability of the material has to be 
determined before the process takes place. 
  
According to Prasad and Sasidhara [8] material workability consists of two independent  
parts˙ the state of stress (SOS) and the intrinsic workability. State of stress workability is related 
to the nature of the stress applied and the geometry of the deformation zone developed in the 
workpiece. Intrinsic workability on the other hand is controlled by the initial microstructure  
of the material and its dependence on temperature, strain and strain rate. Thus SOS is 
characteristic of the mechanical process that the workpiece is subjected to and not of  
the material itself, while the intrinsic workability is material related. This work is focused  
on intrinsic workability. It is therefore sensible that the term “workability” will be used 
hereafter instead of “intrinsic workability”.  
  
The workability of a material can be fully described by its flow stress, 0σ , as a function  
of temperature, strain and strain rate, through tensile, torsion or compression testing  
techniques [9]. In practise, the use of tension and torsion testing is restricted. Their main 
drawback is that uniform deformation is restricted to low strain values. However, all 
metalworking processes involve large plastic strains and thus the required flow curves have  
to extend to high strains. Compression testing does not face this problem due to the  
lack of phenomena like necking that enable the use of considerable higher stain. The main 
problem during compression is the barrelling effect, which can be controlled if care is taken.  
In a typical compression test, a sample of cylindrical shape is placed between two rams  
and is compressed to form a disk. If there was no friction between the deformed material  
and the rams the deformation through the whole sample volume would be homogenous. In 
reality this does not occur. When the ram advances, the cylindrical sample deforms, its  
diameter increases and the metal spreads along the ram surfaces. Friction forces develop 
between the ram and the deforming sample opposing the outward flow of the material. At  
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the same time the material in the inner of the sample deforms freely. This results in  
the formation of three distinctive zones in the sample; two conical zones that are in contact  
with the rams and where the material remains essentially undeformed, and one big zone  
in the middle part of the cylinder that deforms severely (Figure 4-8). 
 
 
 
Figure 4-8  Strain profile of barrelled compression sample with intense shear banding  
(darker shade) in the central part and undeformed dead zones (lightest shade) due to friction at  
the specimen-ram interface (taken from[10]). 
 
The specimen at that point has a “barrelled” shape and that is why the phenomenon is known as 
the “barrelling effect”. As the rams advance, these two conical zones overlap and the up to then 
undeformed material starts to deform. This increases the compression load. The barrelling effect 
can be minimized either by lowering the friction between the specimen and the tooling, or by 
changing the geometry of the compression sample. Ideally the diameter, D, to height, H, ratio 
D/H of the sample should be as low as possible. The lower the D/H is, the smaller the cones  
of the undeformed material and the bigger the volume of the uniformly deforming material.  
In practice this ratio is restricted to ~0.5, since for lower values the cylinder buckles [9]. 
 
4.4.2 Compression Test 
 
Uniaxial compression test cylinders, 10 mm long x 8 mm diameter (Figure 4-9) were wire 
Electrode Discharge Machined (EDM) from the as received billets at the Department of 
Material at Imperial College (London,UK).  
 
      
 
Figure 4-9  Schematic (from [11]) and pictures of AA2014 uniaxial compression test cylinders. 
(b) (a) 
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The isothermal compression tests were performed on a 100 kN servo-hydraulic Mayes  
testing machine5, operated by a Zwick-Roell HW9610 controller (Figure 4-10). The heating  
of the samples was performed in a Severn Furnaces 1000°C Radiant Furnace6, controlled  
by a K-type thermocouple connected to a Eurotherm 902P programmable controller7. The  
K-type thermocouple was located 2 mm into the bottom ram, 5 mm below the platen face. 
 
      
 
Figure 4-10  Schematic and picture of the Mayes testing machine [11]. 
  
Under standard conditions, the samples were loaded cold in the press and then heated to the  
test temperature at a rate of 25oC.min-1. The press was kept at 150°C for the AA2014 and  
CP Mg cases and at 250°C for the CP Ti and Zr-2.5Nb cases. A soak period of one minute was 
used for AA2014 and CP Mg as the high thermal conductivity of these materials ensured that 
the samples achieve easily thermal equilibrium. For CP Ti and Zr-2.5Nb a five minute soak time 
was used. During heating the lower ram moved to compensate for thermal expansion of the 
entire system and to maintain a clamping load of 0.1 kN.  
 
The full isothermal compression test matrix, consisting of four different temperatures and  
four different constant strain rates for each examined material, is presented in Table 4-3. 
  
The temperature ranges used were determined with respect to the β transus temperature for  
CP Ti and Zr-2.5Nb, and the conditions used in industrial practice for AA2014 and CP Mg.  
 
The strain level imposed was of the order of 0.7 for all cases. All samples were coated in a 
boron nitride (BN) release agent and after deformation were water quenched. 
                                                 
5
 Model No.ESH 100D 
6
 Model No.RHS1259 
7
 Model 902P 
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Temperature (°C) Strain Rate (s-1) 
Set Temp ± transus 0.001 0.01 0.1 1 
A
A
20
14
 
350 X o o o o 
400 X o o o o 
450 X o o o o 
500 X o o o o 
C
P 
M
g 
250 X o o o o 
300 X o o o o 
350 X o o o o 
400 X o o o o 
C
P 
Ti
 
(T
β
=
91
5±
5°
C
) 700 -215 o o o o 
800 -115 o o o o 
900 -15 o o o o 
1000 +75 o o o o 
Zr
-
2.
5N
b 
(T
β
=
85
0±
5°
) 700 -150 o o o o 
800 -50 o o o o 
900 +50 o o o o 
 
Table 4-3  Isothermal compression test matrix of temperatures and constant strain rates. 
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4.4.3 Flow Curves 
 
AA2014 
 
The flow behaviour of AA2014 is illustrated in Figure 4-11. All cases are characterized by  
a rapid stress increase due to elastic deformation, followed by a steady state flow regime. 
  
 
 
Figure 4-11  True stress – true strain curves for AA2014 at constant true strain rates, 0.001 s-1,  
0.01 s-1, 0.1 s-1 and 1 s-1; a) 350°C, b) 400°C, c) 450°C, and d) 500°C. 
 
The yield point increases as temperatures decreases and strain rates increases, as expected. The 
slight increase observed in flow stress for strains higher than 0.65 is attributed to increasing 
friction between the ram and the expanding specimen. 
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CP Magnesium 
 
The flow behaviour of CP Mg is illustrated in Figure 4-12. All cases are characterized by a 
steep stress increase due to elastic deformation; in contrast to the rapid increase that CP Ti and 
Zr-2.5Nb exhibit. The yield point increases as temperatures decreases and strain rates increases.   
 
 
 
Figure 4-12  True stress – true strain curves for CP Mg at constant true strain rates, 0.001 s-1,  
0.01 s-1, 0.1 s-1 and 1 s-1; a) 250°C, b) 300°C, c) 350°C and d) 400°C. 
 
Flow softening is observed in all cases. As strain rate decreases the magnitude of flow softening 
also decreases. For low strain rates (10-2 s-1 and 10-3 s-1) the effect is not very strong, so the  
stress-strain curves exhibit a nearly steady state behaviour. For higher strain rates the magnitude 
is considerable higher. Flow stress increases for strains higher than 0.5, due to the increasing 
friction between the ram and the expanding specimen. The observed flow softening is consistent 
with that observed by Prasad and Sasidhara [8].  
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CP Titanium 
 
The flow behaviour of CP Ti is illustrated in Figure 4-13. All cases are characterized by a  
rapid stress increase due to elastic deformation. The yield point increases as temperature 
decreases and strain rate increases. 
 
 
 
Figure 4-13  True stress – true strain curves for CP Ti at constant true strain rates, 0.001 s-1,  
0.01 s-1, 0.1 s-1 and 1 s-1; a) 700°C, b) 800°C, c) 900°C, and d) 1000°C. 
 
For the near transus case of 900°C and the over the transus 1000°C case, stress increases  
up to the peak yield point (at true strain ~0.1), followed by a nearly steady state flow regime.  
In the low temperature cases of 700°C and 800°C, true stress is continuously increasing  
up to the maximum true strain and no steady state is observed. In accordance to Prasad’s  
and Sasidhara’s work [8], the hardening that CP Ti exhibits at that temperature range can  
be attributed to dynamic recrystallization (DRX). In all cases a slight increase in flow stress  
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is observed for strains higher than 0.6. This is attributed to the increasing friction between  
the ram and the expanding specimen. Very slight flow softening is observed in the high 
temperature, 900°C and 1000°C, cases.   
 
Zr-2.5Nb 
 
The flow behaviour of Zr-2.5Nb is presented in Figure 4-14. The flow behaviour is 
characterized by an initial elastic deformation followed by continuous flow softening.  
 
 
 
Figure 4-14  True stress – true strain curves for Zr-2.5Nb at constant true strain rates, 0.001 s-1, 
0.01 s-1, 0.1 s-1 and 1 s-1; a) 700°C, b) 800°C, and c) 900°C. 
 
As temperature decreases and strain rate increases the yield point increases. Flow softening  
is observed in all cases. The phenomenon is more intense for the super transus case  
of 900°C. Prasad and Sasidhara [8] attribute the flow softening at lower temperatures  
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(700°C and 800°C) to the dynamic recrystallization of the acicular β quenched structure, 
consisting of globularization of α platelets due to shearing and recrystallization that  
Zr-2.5Nb exhibits at low temperatures (770°C) and low strain rates (10-3 s-1). A slight increase 
in flow stress is observed for strains higher than 0.65 and is attributed to the increasingly 
friction between the ram and the expanding specimen.  
 
4.4.4 Friction and Temperature Correction of Flow Stress 
 
Flow curve data obtained from the compression testing were corrected to accommodate friction 
and adiabatic heating effects occurring during deformation. Forge®2008 was used. A schematic 
of the model is depicted in Figure 4-15. The model consisted of a 10 mm height x 8 mm 
diameter cylinder and two flat faced dies. In order to limit the computation time only the 
deforming cylinder was meshed, while the two dies where kept rigid. All the forging 
simulations were performed under the same conditions as the experimental trials (Table 4-3). 
 
 
 
Figure 4-15  The axi-symmetric mesh used for the simulation of compression testing; a) first step  
(un-compressed, b) final step (compressed). 
 
The input data required for these simulations; definition of the geometry of the used 
components (compression cylinder, upper and lower die), rheological data of the tested material, 
plastic properties of tooling material, thermal data for the cylinder and the tooling, data 
pertaining to the heat transfer and friction at the specimen tooling interface are illustrated in 
Figure 4-15 and Table 4-4. The material files used in the simulation of the compression testing 
follow the Norton-Hoff relationship (paragraph 3.9.2, equation 3-9).  
 
In order to quantify the effect of adiabatic heating during compression, the average temperature 
of the workpiece was calculated for the last steps of the simulation, for an average strain  
of 0.7-0.75. Five point measurements were taken along the cross section of the sample, 
perpendicular to the compression direction.  
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Properties AA2014 CP Mg CP Ti Zr-2.5Nb H13 Steel 
Thermal Data 
Density (kg.m-3) 2800 1740 4510 6510 7850 
Specific Heat (J.kg-1.°C-1) 880 1025 667 353 778 
Thermal Conductivity (W.m-1.K-1) 185 159 21.4 25.2 35.5 
Heat Transfer Coefficient: 
Billet-Tooling (W.m-2.K-1) 20000 20000 20000 20000 - 
Heat Transfer Coefficient: 
Billet-Air (W.m-2.K-1) 10 10 10 10 - 
Emissivity 0.15 0.07 0.395 0.361 0.88 
Rheology Data 
K 3.88 0.42 0.01 0.26 - 
m 0.13 0.19 0.22 0.15 - 
B 1994 2913 9674 6369 - 
Friction Coefficient between specimen and tooling 
Tresca Coefficient 0.5 0.5 0.5 0.5 - 
 
Table 4-4  Rheology and thermal data for compression testing simulation. 
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AA2014 
 
A strain versus temperature profile is illustrated in Figure 4-16 for the two extreme cases  
of AA2014; the low temperature and high strain rate case of 350°C-ε&  100 s-1 and the  
high temperature and low strain rate case of 500°C-ε&  10-3 s-1. The adiabatic heating 
measurement data can be seen in Table 4-5. 
 
 
 
Figure 4-16  Strain versus temperature profile for AA2014, compressed up to strain 0.7; a) at 350°C 
under a strain rate of 100 s-1, b) at 500°C under a strain rate of 10-3 s-1.  
 
 
AA2014 
Strain Rate (s-1) Set Temp (°C) Calculated Temp (°C) % Increase 
10-3 350 350 0.0 
10-2 350 350 0.1 
10-1 350 353 0.8 
100 350 374 6.9 
10-3 400 400 0.0 
10-2 400 400 0.0 
10-1 400 402 0.6 
100 400 419 4.9 
10-3 450 450 0.0 
10-2 450 450 0.0 
10-1 450 452 0.4 
100 450 466 3.6 
10-3 500 500 0.0 
10-2 500 500 0.0 
10-1 500 502 0.3 
100 500 514 2.7 
 
Table 4-5  Temperature increase due to adiabatic heating in AA2014. 
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CP Magnesium  
 
A strain versus temperature profile is illustrated for the two extreme cases of CP Mg in  
Figure 4-17; the low temperature and high strain rate case of 250°C-ε&  100 s-1 and the  
high temperature and low strain rate case of 400°C-ε&  10-3 s-1. The adiabatic heating 
measurement data can be seen in Table 4-6. 
 
 
 
Figure 4-17  Strain versus temperature profile for CP Mg, compressed up to strain 0.7; a) at 250°C 
under a strain rate of 100 s-1, b) at 400°C under a strain rate of 10-3 s-1.  
 
 
CP Magnesium 
Strain Rate (s-1) Set Temp (°C) Calculated Temp (°C) % Increase 
10-3 250 250 0.0 
10-2 250 250 0.1 
10-1 250 253 1.2 
100 250 280 12.0 
10-3 300 300 0.0 
10-2 300 300 0.0 
10-1 300 302 0.6 
100 300 320 6.8 
10-3 350 350 0.0 
10-2 350 350 0.0 
10-1 350 351 0.4 
100 350 364 4.1 
10-3 400 400 0.0 
10-2 400 400 0.0 
10-1 400 401 0.2 
100 400 410 2.6 
 
Table 4-6  Temperature increase due to adiabatic heating in CP Mg. 
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CP Titanium 
 
In Figure 4-18 a strain versus temperature profile is illustrated for the two extreme cases  
of CP Ti; the low temperature and high strain rate case of 700°C-ε&  100 s-1 and the  
high temperature and low strain rate case of 1000°C-ε&  10-3 s-1. The adiabatic heating 
measurement data can be seen in Table 4-7. 
 
 
 
Figure 4-18  Strain versus temperature profile for CP Ti, compressed up to strain 0.7; a) at 700°C 
under a strain rate of 100 s-1, b) at 1000°C under a strain rate of 10-3 s-1. 
 
 
CP Titanium 
Strain Rate (s-1)               Set Temp (°C) Calculated Temp (°C) % Increase 
10-3 700 700 0.0 
10-2 700 701 0.1 
10-1 700 716 2.2 
100 700 777 10.9 
10-3 800 800 0.0 
10-2 800 800 0.0 
10-1 800 806 0.8 
100 800 836 4.5 
10-3 900 900 0.0 
10-2 900 900 0.0 
10-1 900 903 0.3 
100 900 917 1.9 
10-3 1000 1000 0.0 
10-2 1000 1000 0.0 
10-1 1000 1001 0.1 
100 1000 1009 0.9 
 
Table 4-7  Temperature increase due to adiabatic heating in CP Ti. 
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Zr-2.5Nb 
 
A strain versus temperature profile for the two extreme cases of Zr-2.5Nb; the low  
temperature and high strain rate case of 700°C-ε&  100 s-1 and the high temperature and low 
strain rate case of 900°C-ε&  10-3 s-1, is illustrated in Figure 4-19. The adiabatic heating 
measurement data can be seen in Table 4-8. 
 
 
 
Figure 4-19  Strain versus temperature profile for Zr-2.5Nb, compressed up to strain 0.7;  
a) at 700°C under a strain rate of 100 s-1, b) at 900°C under a strain rate of 10-3 s-1. 
 
 
Zr-2.5Nb 
Strain 
Rate (s-1) 
Set 
Temp 
(°C) 
Calculated 
Temp (°C) 
% 
Increase 
Strain 
Rate (s-1) 
Set 
Temp 
(°C) 
Calculated 
Temp (°C) 
% 
Increase 
10-3 700 700 0.0 10-1 800 805 0.7 
10-2 700 701 0.1 100 800 835 4.4 
10-1 700 710 1.4 10-3 900 900 0.0 
100 700 759 8.4 10-2 900 900 0.0 
10-3 800 800 0.0 10-1 900 903 0.4 
10-2 800 800 0.0 100 900 922 2.4 
 
Table 4-8  Temperature increase due to adiabatic heating in Zr-2.5Nb. 
 
It is regarded that for low and average strain rates (100 s-1 - 10-1 s-1) adiabatic heating is 
negligible, for all temperatures and for all materials since it does not exceed the 2.2%, even  
for the lower temperature case (700°C) of CP Ti, which is the material that exhibits more 
intense adiabatic heating. For higher strain rates (100 s-1) the effect becomes more evident.  
In that case the temperature of the deforming workpiece increases up to 11-12% (for CP Ti at 
700°C and CP Mg at 250°C respectively) and thus the phenomenon can not be overlooked. This 
is likely the reason for the observed flow softening at high strain rates in CP Mg. 
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4.4.5 Norton-Hoff Fit 
 
The flow stress data, after temperature correction, were regressed to fit the Norton-Hoff  
relationship (paragraph 3.9.2, equation 3-9), with good fits being attained. The values of 0k ,  
B  and m  are given in Table 4-9. 
 
Properties AA2014 CP Mg CP Ti Zr-2.5Nb 
Corrected Rheology Data 
K 3.52 0.36 0.004 0.19 
m 0.15 0.21 0.25 0.15 
B 2104 3079 10925 7165 
 
Table 4-9  Rheology data after thermal and friction correction. 
 
According to the Norton-Hoff equation there is a bilinear relationship between the natural 
logarithm of stress and both the natural logarithm of strain rate and T-1. Thus, when the 
logarithm of stress is plotted against one of these parameters a straight line would be expected. 
 
( ) ( ) ( )
T
B
mkm +++= εσ &ln3ln1ln 00  (eq. 4.1) 
 
where,  0σ , flow stress 
              ε& , strain rate  
             
m , strain rate sensitivity 
             T , temperature 
             0k  and B , constants 
 
The dependence of both measured and simulated flow stress on temperature and strain rate can 
be found in Figure 4-20 and Figure 4-21 respectively. In general a good fit was obtained for all 
the materials and cases examined, with all data points lying along a straight line. A misfit 
between the measured and simulated flow stress is observed in both AA2014 and CP Mg for the 
higher strain rate - lower temperature cases. Figure 4-20 (a) and (b) show that when a strain rate 
of 100 s-1 is used, the Norton-Hoff expression used tends to slightly under predict the flow stress 
for the mid-temperature range (400°C and 450°C for AA2014 and 300°C and 350°C  
for CP Mg) and to over predict it for the low temperature cases. In the lower temperature case  
of 350°C for AA2014 and 250°C for CP Mg the same phenomenon was also observed  
for strain rates of 10-1 s-1 and 10-2 s-1 (Figure 4-21 (a) and (b)). However for more elevated 
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temperatures and closer to the hot working temperature range a nearly perfect fit was achieved 
for both high and low strain rates.  
 
As seen in Figure 4-20 (c) and Figure 4-21 (c), the simulated data for CP Ti are consistently 
higher for all extrusion ratios and for all examined temperatures, apart from the 1000°C were a 
good fit was achieved. The phenomenon is more intense the lower the temperature. An 
irregularity is observed for 700°C, where the measured flow stress appears lower than expected.  
 
For Zr-2.5Nb the simulated data are very close to the measured. The only inconsistency is the 
high strain rate case, 100 s-1, where the simulated values appear slightly lower than the actual,  
Figure 4-20 (d). This becomes more intense as the compression temperature decreases. 
 
 
 
Figure 4-20  Measured and simulated flow stress data plotted against temperature; a) AA2014,  
b) CP Mg, c) CP Ti and d) Zr-2.5Nb. 
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Figure 4-21  Measured and simulated flow stress data plotted against the strain rate; a) AA2014,  
b) CP Mg, c) CP Ti and d) Zr-2.5Nb. 
 
The regression of the CP Ti flow stress data gave an acceptable correlation of 0.961,  
Figure 4-22 (c). A slight inconsistency was observed between the measured flow stress and  
that predicted from the model for the low temperature case of 700°C. This inability of the  
model to successfully simulate the low temperature deformation of CP Ti can be attributed   
to the dynamic recrystallization that takes place in this temperature range [8]. For Zr-2.5Nb  
and CP Mg (Figure 4-22 (d) and (b)), the correlation was 0.985 and 0.986 respectively, with all 
points closely fitting to the data. The correlation for AA2014 (Figure 4-22 (a)) was 0.899. The 
reason for the relatively low correlation is the inconsistency between the measured and  
the predicted stress values for 350°C and strain rates of 10-1 s-1and 100 s-1.  
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For comparison, the flow stress data from Prasad and Sasidhara [8] are also shown  
in Figure 4-22 against the Norton-Hoff model. Their data were obtained at strains of 0.4 (CP Ti) 
and 0.5 (AA2014, CP Mg and Zr-2.5Nb), rather than the strain of 0.6 used here; in addition the 
closest aluminium alloy they studied to AA2014 was AA2024; their materials will inevitably 
have had different processing histories and will therefore be in differing microstructural starting 
conditions. For example, the aluminium and magnesium materials studied by Prasad  
appear to be slightly stronger, but the CP Ti and Zr-2.5Nb data are quite similar, even  
with similar levels of scatter compared to the model line. This is regarded as good evidence  
that the parameters obtained here are of general utility in hot forming, at least for a  
first approximation in a forming simulation. 
 
 
 
Figure 4-22  Measured flow stress data plotted against the regressed to fit the Norton-Hoff equation 
and the data found in literature [8]; a) AA2014, b) CP Mg, c) CP Ti and d) Zr-2.5Nb. 
 
Chapter 4 - Constitutive Data 
 
168 
 
4.4.6 Metallography 
 
AA2014 
 
Figure 4-23 shows a prior-equiaxed microstructure, deformed along the compression direction. 
In all cases there is evidence of recrystallization. This is more evident in the high  
temperature - low strain rate case of 500°C-ε&  10-3 s-1 (Figure 4-23(c1)). Grain size analysis 
showed that for 400°C a considerably finer microstructure was produced for faster strain rates  
(ε&  100 s-1) than for slower (ε&  10-3 s-1) (Figure 4-23((a-b)). In the first case the grains show a 
size of 110 µm by 90 µm on the compression plane, by 55 µm along the compression direction. 
For the faster strain rate, the size drops down to 80 µm by 100 µm on the compression plane, by 
45 µm along the compression direction. This corresponds in ~42 % decrease in volume. On the 
contrary, for 500°C it was the specimen deformed under the low strain rate that developed finer 
microstructure. The grain size for ε&  10-3 s-1 was found 85 µm x 80 µm on the compression 
plane, by 45 µm along the compression direction, while for ε&  100 s-1,120 µm x 95 µm,  
by 40 µm respectively. Thus the grains have a more “pancaked” form, but their average overall 
volume is ~33 % higher than in the low strain rate case. This is believed to be related with the 
more intense adiabatic heating observed in that case (Table 4-5). In all cases high population  
of AlCu2 precipitates was observed. For low temperatures, precipitates were found both in the 
grain boundaries and the volume of the grains. For higher temperatures, a higher fraction  
of precipitates was found along the grain boundaries than in the grains. In the extreme  
high temperature - low strain rate case of 500°C-ε&  10-3 s-1 (Figure 4-23(c)) precipitates were 
found only on the grain boundaries due to the prolonged time that the sample was kept  
at elevated temperature. 
 
CP Magnesium 
 
As seen in Figure 4-24 (a), the sample deformed at 300°C and a strain rate of 10-3 s-1 shows a  
prior-equiaxed microstructure, deformed along the compression direction. The average grain 
size measures 60 µm along the radial direction and 40 µm along the compression direction. The 
overall microstructure developed in the sample deformed at the same temperature (300°C) but 
under higher strain rate (ε&  100 s-1) is more equiaxed and considerable finer (Figure 4-24(b)). 
This is the result of extensive recrystallization that took place in the material because of the 
higher strain and temperature developed in this case. The mean grain size is 25 µm along  
the radial direction by 20 µm along the compression direction. Grain size analysis showed  
that for 400°C a considerable coarser microstructure was produced for both slow and  
fast strain rates. In the first case the grains show a size of 220 µm by 190 µm (along the  
radial and compression directions respectively), while for the faster strain rate the size  
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drops down to 105 µm by 100 µm. Twinning can be seen in both cases, indicating that is a 
significant deformation mechanism at this elevated temperature. The fact that twinning seems to 
be more extensive at higher strain rates is consistent with a shear deformation mechanism. 
 
CP Titanium 
 
Both samples deformed at 800°C (pure α phase) exhibit equiaxed grains, Figure 4-25(a-b). The 
grain distribution in the sample deformed under a strain rate of 10-3 s-1 along the radial direction 
is quite homogeneous, with an average size of 140 µm. Along the compression direction there is 
a gradient, since grain size varies from 335 µm down to 67 µm, with an average grain size  
of 92 µm. The sample deformed under a strain rate of 100 s-1 exhibits a similar trend with the  
ε&  10-3 s-1 case. The only difference is the considerably finer microstructure. The grain size 
along the radial direction shows a size of 60 µm, while along the compression direction ranges 
from 33 µm to 270 µm with a mean value of 130 µm. Grain growth that takes place during the 
low strain rate case deformation, due to the prolonged time that the material experiences at 
elevated temperature compared to the faster, high strain rate case of ε&  100 s-1,  leads to coarser 
microstructure. The microstructure developed in the central area of the sample compressed 
under a strain rate of 100 s-1 is substantially finer than the one observed near its interface with 
the ram (Figure 4-25 (b2)). This is attributed to the more extensive recrystallization that took 
place in the centre of the workpiece due to the higher shear strains developed there (in contrast 
to the outer area) (Figure 4-8). Samples deformed at 1000°C (pure β phase) and quenched show 
a martensitic α´ microstructure (Figure 4-25(c-d)). No specific orientation can be observed in 
both samples along the radial direction. However, along the compression direction the lath 
colonies tend to align along a fictional plane forming 45° with the compression direction. In 
both low and high strain rate cases a finer martensitic microstructure is observed near the edges  
of the workpiece delineated by small amounts of β phase, due to more rapid quenching. 
 
Zr-2.5Nb 
 
Specimens deformed at 700°C (pure α phase) retained the basket-weave Widmanstätten 
microstructure of the prior to deformation material (Figure 4-26(a-b)). The only difference 
between the microstructure of the specimens compressed at 700°C (under both slow, ε&  10-3 s-1, 
and fast, ε&  100 s-1, strain rates) and those heat treated at the same temperature is that in the 
former case is slightly deformed along the compression direction. This is in accordance to the 
almost flat flow curve of Figure 4-14, which indicates a nearly unrestricted deformation during 
compression. The grain distribution along both radial and compression direction is quite 
homogeneous in both samples, with an average size of 1.5 µm by 9 µm. Promonotectoid α phase 
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nucleated at the grain boundaries is evident in both samples deformed at 700°C. As shown in 
Figure 4-26, side plates grow into the grain from the original grain boundary α plate [3]. Pit 
marks can be observed along the boundary of the plates. These marks should not be mistaken 
for a second phase. According to Lustman and Kerze [12], the formation of these marks is  
due to lattice defects in the area between two neighbouring “plates” of the same orientation  
that did not have time to match perfectly. Specimens deformed at 900°C (pure β phase) and 
quenched show a complex microstructure consisting of a martensitic α´ matrix with islands of 
equilibrium α phase (Figure 4-26(c-d)) [4]. No specific orientation of the martensitic needles 
can be observed in both samples along the radial direction, in accordance to the CP Ti results. A 
primal alignment of α needles along a fictional plane forming 45-50° with the compression 
direction can be observed, but in all cases is less obvious than that exhibited by CP Ti. 
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Figure 4-23  Light micrographs illustrating the different microstructures achieved by compression 
of AA2014 under different conditions; left (CD) the compression direction is normal to the  
paper and right (TD) the transverse/radial direction is normal to the paper plane (see Figure 4-1). 
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Figure 4-24  Light micrographs illustrating the different microstructures achieved by compression 
of CP Mg under different conditions; left (CD) the compression direction is normal to the  
paper and right (TD) the transverse/radial direction is normal to the paper plane (see Figure 4-1). 
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Figure 4-25  Light micrographs illustrating the different microstructures achieved by compression 
of CP Ti under different conditions; left (CD) the compression direction is normal to the paper  
and right (TD) the transverse/radial direction is normal to the paper plane (see Figure 4-1). 
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Figure 4-26  Light micrographs illustrating the different microstructures achieved by compression 
of Zr-2.5Nb under different conditions; left (CD) the compression direction is normal to the  
paper and right (TD) the transverse/radial direction is normal to the paper plane (see Figure 4-1). 
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4.4.7 Texture 
 
AA2014 
 
 
 
Figure 4-27  Pole figures showing the 	
, 	
, 	
 and 	
 poles of AA2014 compression 
specimens; compressed at 400°C and 500°C, and under a strain rate of 10-3 s-1  
and 100 s-1. 
 
Instead of the classic for aluminium compressions 	111
 fiber texture, a strong 	110
 
recrystallization texture was observed (Figure 4-27). The 	110
 pole figures show that the 
maximum intensity is located at the centre of the pole figure, while a less intense band of 
circular symmetry is located 55-65° from the compression direction, consistent with the 
expected angle between the 	110
 poles (60°). Texture of moderate intensity and circular 
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symmetry was also observed in the 	111
 pole figure, with a major component 30-40° from the 
compression direction and a secondary along the radial direction. The 	111
 deformation 
texture is getting stronger as temperature and strain rate increase. The overall texture of the  
high temperature-low strain rate (500°C-ε&  10-3 s-1) specimen was lower than expected. It is 
believed that this specimen was not taken from exactly the same regime of the ingot material. 
 
CP Magnesium 
 
 
 
Figure 4-28  Pole figures showing the 	
, 	
, 	
 and 	
 poles of CP Mg 
compression specimens; compressed at 250°C and 400°C, and under a strain rate of 10-3 s-1  
and 100 s-1. 
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The 	0002

 
pole figures show that the main texture component lies along the pole figure axis. 
For high strain rates the high intensity area is centralized around the compression direction, 
while for lower strain rates the basal plane normals formed a ring around the pole axis. The fact 
that the intensity of this texture component becomes stronger as strain rate increases and weaker 
as strain rate decreases indicates a deformation texture. The texture along the other three planes 
is relatively weak. A moderate intensity texture was observed in 	1120
 pole figures. A 
secondary texture was also observed 55-70° from the compression direction; towards the radial 
direction for low strain rates and totally parallel to the radial direction for higher strain rates. 
 
CP Titanium 
 
All specimens exhibit a very strong 	1120
 texture along the compression direction and a 
number of moderate intensity peaks located 55-65° from the compression direction. Thus the 
majority of the secondary prismatic planes 	1120
 are preferentially aligned normal to the 
compression direction, while a smaller portion rotated 60° towards the radial direction. The 
intensity of all the 	1120
 poles increases with increasing temperature and decreasing strain 
rates. The same trend is observed in the 	1012
 pole figures. In that case a strong intensity is 
observed only in the high temperature-low strain rate case (1000°C-ε&  10-3 s-1). The 
corresponding area in the low temperature-low strain rate case (800°C-ε&  10-3 s-1) is 
considerably weaker. Four peaks of moderate to low intensity are observed in both low and  
high temperature cases for a strain rate of 10-3 s-1. In that case apart from the secondary 
prismatic 	1120
, a fraction of 	1012
 is also aligned along the compression direction. The fact 
that both 	1120
 and 	1012
 textures are getting stronger with slower strain rates  
and higher temperature indicates that they are recrystallization textures. For the low temperature 
cases (800°C) the basal	0002
 planes are aligned 30-50° from the compression direction, with 
the peaks for slower strain rate being more intense. In that case (800°C - ε&  10-3 s-1), four  
secondary peaks are observed along the radial direction of the specimen. Instead of the four 
peaks a more circularly symmetric texture is observed in the high temperature  
compressions, with the majority of the basal 	0002
 planes along the radial direction.  
At high temperatures, the { }110 β → 	0002
α transformation orientation relationship must be 
considered; the 	0002
 pole figure is a variant-related product of the prior { }110 β pole figure. 
The 	1011
 texture is overall weaker, since the maxima does not exceed the 2.5 times  
random. The main portion of the pyramidal 	1011
 planes are aligned 35-40° from the 
compression direction, while the rest along the radial direction. 
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Figure 4-29  Pole figures showing the 	
, 	
, 	
 and 	
 poles of CP Ti 
compression specimens; compressed in the α and β phase regime (800°C and 1000°C respectively), 
and under a strain rate of 10-3 s-1 and 100 s-1. 
 
Zr-2.5Nb 
 
The 	1120
 pole figures show that the maximum texture developed along the pole figure axis, 
while a less intense secondary component, of circular symmetry, 55-65° from the compression 
direction. This indicates that the main fraction of the secondary prismatic 	1120
 planes  
align normal to the compression direction, while a smaller 60° towards the radial direction. 
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Figure 4-30  Pole figures showing the 	
, 	
,  	
 and 	
 poles of Zr-2.5Nb 
compression specimens; compressed in the α and β phase regime (700°C and 800°C respectively), 
and under a strain rate of 10-3 s-1 and 100 s-1. 
 
The overall intensity of the 	1120
 poles increases with increasing temperature and decreasing 
strain rates, indicating a recrystallization texture. A small portion of 	1012
 planes also aligned 
along the compression direction.  	0002
 and 	1011
 pole figures exhibit similar profiles. Both 
have two distinctive intensity areas, one rotated 35-45° from the compression direction and  
one along the radial direction. The overall intensity of 	1011
 texture is weaker than  
the 	0002

 
texture. As strain rate decreases, the basal 	0002

 
plane normals seem to rotate 
further from 35-45° from the compression direction and towards the radial direction. This is 
more evident in the low temperature case· for high strain rate there is a high intensity circular 
Chapter 4 - Constitutive Data 
 
180 
 
area around the axis of the pole figure, while for low strain rate this area is absent and a texture 
along the radial direction was observed. This indicates that given enough time, the basal 	0002
 
planes tend to rotate normal to the radial direction and parallel to the compression direction. 
 
 
4.5  Ring Compression Tests 
 
The frictional conditions between the deforming workpiece and the used tooling have  
a significant effect on the material deformation, required load, product surface quality, and die 
wear during all material forming processes.  
 
The materials involved in this project are the AA2014, CP Mg, CP Ti and Zr-2.5Nb, while  
all the tooling used was made from hardened tool steel H13. All materials were coated in a 
boron nitride (BN) release agent before compression. The friction coefficient of BN has already 
being experimentally estimated to ~ 0.5 by other researcher [11].  
 
No lubrication was used between AA2014 and CP Mg billets, the container liner and the 
pressure pad during extrusion. According to literature [13-18] and in accordance with 
observations in relevant extrusion practice, when no lubrication is used during the hot working 
of aluminium and magnesium, sticking or nearly sticking friction conditions occur between  
the workpiece and the tooling material. The friction coefficient of high temperature  
graphite lubricants, such as that used between the billet and the die during the AA2014 and  
CP Mg extrusions, is 0.01-0.2. Both CP Ti and Zr-2.5Nb billets were coated in  
Achesons Deltaglaze 3418 glass lubricant (GLS) before being placed in the extrusion press. 
Jackson [11] has experimentally estimated the friction coefficient of this lubricant to be ~0.2.  
 
In all experimental Zr-2.5 Nb extrusion cases the billet prior to extrusion and before covered  
in Deltaglaze was sheathed in copper sheet. The material flow is not always smooth during 
extrusion. This means that as extrusion proceed, the lubricant film might become  
non-continuous and the copper sheathing come in contact with the steel tooling. The friction 
coefficient between copper and steel was evaluated through the ring compression test. 
 
The specimens used possessed an outside diameter; inside diameter; and height ring ratio of 
6:3:2 [11, 19, 20] and were wire Electrode Discharge Machined (EDM) from the as received 
billets at the Department of Material at Imperial College (London,UK).  
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Six ring specimens were compressed to incremental heights (10 %, 20 %, 30 %, 40 %, 50 % and 
60 % height reduction) at the extreme low temperature/high strain rate (700°C-ε&  10-0 s-1) and 
high temperature/low strain rate (900°C-ε&  10-3 s-1) cases. All ring compressions were 
performed on the same 100 kN servo-hydraulic Mayes testing machine8, operated by  
a Zwich-Roell HW9610 controller that was used for the isothermal compression tests 
(paragraph 4.4.2). The samples were loaded cold in the pre-heated (at 250°C) press and then 
heated to the test temperature at a rate of 25oC.min-1. A soak period of five minutes was used. 
During heating the lower ram moved to compensate for thermal expansion of the entire system, 
and to maintain a clamping load of 0.1 kN. The compressions were conducted under steady 
temperature. The strain level imposed was of the order of 0.7 for all cases. All samples were 
sheathed in copper and after deformation were water quenched.  
 
After compression the change in internal diameter was measured at the mid-height of each 
specimen. Since the barrelling effect created a non-perfectly symmetric inner diameter in the 
rings, the average value of three measurements (in three arbitrary angles) was taken instead of 
one. Forge®2008 was used to simulate the ring test and to obtain calibration curves. The model 
takes the barrelling effect into account enabling the measurement of the internal diameter of the 
ring near its mid-height, including barrelling. Simulations of the ring test were carried out for a 
range of friction factors from 0 to 1 and were then compared to the experimental data to 
generate an estimated interface friction. 
 
The deformation behaviour of the ring specimen followed the Norton-Hoff relationship  
(paragraph 3.9.2, equation 3-9) and the material rheology data can be found in Table 4-4. The 
full range of calibration curves for the two extreme strain rate/temperature matrix conditions;  
700°C-ε&  10-0 s-1 and 900°C-ε&  10-3 s-1 are illustrated in Figure 4-31. Superimposed are the 
experimental data. The friction coefficient between copper clad Zr-2.5Nb and tool steel  
was estimated to be between 0.2-0.25 in the low temperature/high strain rate cases and around 
0.35 in the high temperature/low strain rate case. This difference is attributed to the bonding of 
copper to Zr-2.5Nb at higher temperatures and was observed through post test examination of 
the compressed specimens. As seen in Figure 4-31 the friction calibration curves depend on the 
material properties.    
 
 
                                                 
8
 Model No.ESH 100D 
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Figure 4-31  Comparison of experimentally measured internal reductions at incremental height 
reductions for the extreme hot working matrix conditions of copper sheathed Zr-2.5Nb.  
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5.0   
Chapter 5 – Aluminium 
 
5.1  Aluminium Extrusion 
 
AA2014 extrusions were conducted at starting temperatures of 550°C. The billets were heated 
into an air circulation furnace for an hour and then placed into the preheated extrusion chamber. 
The extrusion matrix can be seen in Table 5-1. 
 
Extrusion Ratio Lubricant Die Temp 
LER - 3.27:1   
HER - 8.86:1 
FD - 8.85:1 
CD - 7.05:1 
Graphite 150°C 
Billet Temp Extrusion Pad Temp 
550°C 50°C 
Ram Speed Container Temp Stem Temp 
3 mm.sec-1 300°C 50°C 
 
Table 5-1  AA2014 extrusion conditions matrix. 
 
5.2  Extrusion Simulation 
 
5.2.1 Input Data 
 
As input data for the simulation of AA2014 extrusions, the values measured during the 
experimental trials were used (Table 5-1). The rheological, thermal and friction data used for the 
extrusion simulation are given in Table 5-2. 
 
Properties AA2014 
Density (kg.m-3) 2800 
Specific Heat (J.kg-1.°C-1) 880 
Thermal Conductivity (W.m-1.K-1) 185 
Heat Transfer Coefficient 
Billet-Tooling (W.m-2.K-1): 15000 
Heat Transfer Coefficient 
Billet-Air (W.m-2.K-1): 10 
Emissivity 0.15 
B 3039 
N 0.0 
K 0.709 
m 0.161 
Tresca Coefficient Sticking 
 
Table 5-2  Rheology and thermal data for AA2014 extrusion simulation. 
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5.2.2 Extrusion Load – Displacement Curves 
 
The extrusion load versus ram displacement curves for both experimental and simulation data 
are plotted in Figure 5-1. 
 
 
 
Figure 5-1  Extrusion load plotted versus ram displacement curves from experimental and 
simulation data; a) Low extrusion ratio (LER) AA2014 rod, b) High extrusion ratio (HER) AA2014 
rod, c) Flat die (FD) AA2014 tube and d) Conical die (CD) AA2014 tube. 
 
A relatively good fit is achieved for low extrusion ratio (LER) rod and conical die (CD) tube 
cases, in both breakthrough and steady state extrusion load areas. A small discrepancy between 
the simulated and the experimental data is observed in both high extrusion ratio (HER) rod and 
flat die (FD) tube cases. Although the general trend of the two curves is close and a relatively 
good fit is achieved, the model seems to have difficulty in predicting the breakthrough point 
correctly. This is attributed to the non uniform frictional and thermal conditions occurring 
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during extrusion, a factor that cannot be incorporated into the model. A disagreement between 
the experimental and the simulated curves is also observed during the initial deformation of the 
billet to fill the container in the FD tube case.  This inconsistency is associated to the eccentric 
placement of the extrusion billet in the container during the extrusions. The same phenomenon 
was also observed in both commercial pure titanium (CP Ti) and Zr-2.5Nb extrusions and more 
detailed explanation can be found in section 7.2.2. The simulated extrusion load curves 
appeared noisy in all cases, indicating constant re-meshing. The high deformation that the 
material undergoes and the tendency of hot aluminium to stick on steel tooling have a 
detrimental effect on this. This is in accordance to the data obtained from Forge®2008 
(analyzed later in this chapter, paragraph 5.2.3). In general the simulation output is regarded 
adequate and the results obtained acceptable.    
 
5.2.3 Displacement, velocity, temperature, strain and strain rate contour maps 
 
In Figure 5-2 a number of different parameters obtained from Forge®2008 are presented. 
Initially a description of each one of the parameters is going to be given for all the extrusion 
trials in order to understand how the examined factors (extrusion ratio and die shape) affect 
them. Later in this chapter the combined effect of all the parameters will be discussed for each 
one of the different extrusions in an attempt to correlate and explain the microstructure  
and texture obtained. 
 
Displacement 
 
The displacement and material velocity maps are very useful tools in understanding the material 
flow and the formation of the dead metal zone (DMZ). It is apparent from Figure 5-2(a) and (b) 
that the DMZ formed in AA2014 extrusions is considerably more extensive than in the other 
materials examined. This is attributed to the absence of lubrication between the deforming billet 
and the tooling and to the tendency of aluminium to adhere to the hot tooling steel. DMZ is 
more extensive in the rod than in the tube cases, because of the width of the die shoulder that 
prohibits the material near the container-die corner to move. The LER rod exhibits a more 
extensive static zone than the HER rod, even though the die entrance is larger than in the HER 
rod extrusion. This is attributed to the different friction coefficient along the billet-container 
interface used in the two rod extrusion cases. While sticking conditions were used during the 
LER rod extrusion, a Tresca friction coefficient of 0.8 was favoured for the HER rod case in 
order to simulate the material flow as appears in the gridded billet. It is believed that in this case 
(HER rod) a small quantity of graphite lubricant leaked from the billet-pressure pad interface to 
the billet-container surface, thus decreasing friction.   
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Figure 5-2  Forge®2008 contour maps for low (LER) and high (HER) extrusion ratio rods  
and tubes extruded through flat (FD) and conical die (CD); a) displacement (mm), b) material 
velocity (mm.s-1), c) temperature (°C), d) strain along the XX axis, e) strain along the YY axis, 
f) strain along the ZZ axis, g) strain along the ZX axis and h) strain rate (s-1). 
 
However, a very large slow flowing zone (1-3 mm.s-1) is developed during the HER rod 
extrusion. Since the DMZ is defined as the combined area of the static and the slow flowing 
zone (paragraph 3.5.3), the DMZ developed in HER rod case is more extensive than in the  
LER rod case. The displacement and the velocity profile maps of the FD tube illustrate the 
dominant effect of the die shoulder width on the formation of the DMZ. Both HER rod  
and FD tube extrusions were conducted under the same extrusion ratio (8.86:1 for HER rod  
and 8.85:1 for FD tube), temperature and friction conditions. However, the DMZ in the  
first case is considerably more extensive than in the latter. An even smaller DMZ can be seen  
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in the CD tube extrusion partially-extruded billet. The conical shape of the die promotes  
higher material speed along the die-billet surface and thus only a very narrow DMZ developed 
near the die-container corner, which extends up to the top of the container because of  
the sticking friction conditions. The high friction between the billet and the container prohibits  
the movement of the material near the billet-container interface, while at the same  
time the material near the centre of the billet moves considerably faster. This leads to the 
formation of an extensive velocity funnel before the die orifice in all AA2014 extrusions. 
 
Velocity 
 
The material velocity seems to be strongly effected by both the extrusion ratio and the  
extrusion press set up (die orifice and shape). The material velocity near the die entrance is in 
the 7-9 mm.s-1 range for the LER rod case, increases to 13-17 mm.s-1 for the CD tube and 
further to 13-25 mm.s-1 for the HER rod and FD tube case. The material speed near the die exit 
follow the exact same order but is slightly increased. The speed in the LER rod is nearly 
unaltered and does not exceed 10 mm.s-1. The higher extrusion ratio used in the HER rod case 
forces the material to flow with nearly three times higher speed, 27-28 mm.s-1 than in  
the LER rod case. The considerably smaller die orifice (because of the use of the stem) used in 
the FD tube extrusion,  increases the material velocity even further, to the maximum  
value observed of 28-30 mm.s-1. Thus the geometry of the extrusion has a relatively weak  
effect for a given extrusion ratio, since only a minimal difference was observed between  
the HER rod and the FD tube trials. The shape of the die seems to have a stronger effect  
on the extrudate velocity, since the material velocity in the CD tube does not exceed the  
19-20 mm.s-1. However, the factor that seems to affect more strongly the material speed is the 
extrusion ratio, which is evident when comparing the LER and HER rod extrusion simulations. 
      
Temperature 
 
The temperature distribution maps are presented in Figure 5-2(c) while the temperature ranges 
for each one of the areas of interest, namely main body of the billet, die entrance and extrusion 
product can be seen in Table 5-3.     
 
Area LER HER FD CD 
 Temperature (°C) 
Main Body 381-418 383-423 288-348 298-346 
Die 411-421 421-435 367-379 351-361 
Die Exit 436-438 437-441 353-361 346-350 
 
Table 5-3  Material temperature in the areas of interest of AA2014 extrusions.  
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From Figure 5-2(c) it is evident that the average temperature of the billet is slightly higher in the 
rod, than in the tube cases. This is because of the use of a cold stem (50°C) during the tubes 
production that appears to have a dominant effect on the temperature distribution in the billet. 
The semi-extruded billet of the FD tube extrusion exhibits an average temperature 74°C lower 
than the one in the HER rod, whereas both were extruded at the same temperature and under the 
same extrusion ratio. The effect of the extrusion ratio and the geometry of the die are not so 
strong. Both LER and HER rods and FD and CD tubes show a nearly identical average 
temperature, 418°C and 423°C for the LER and HER rods and 349°C and 342°C for the FD and 
CD tubes respectively.   
 
The lowest temperature is observed in the main body of the billet, and more specifically near its 
interface with the cold components (pressure pad and stem), while the temperature increases as 
we move towards the die entrance where more intense deformation takes place. The temperature 
gradient between the upper and the lower part of the billet is more intense during the tube 
extrusion. A further increase in temperature occurs as the material deforms further as it is forced 
to flow along the DMZ and through the die orifice.  
 
Strain 
 
Strain profile maps along the extrusion (ZZ axis), radial (XX axis) and hoop axis (YY axis), are 
illustrated in Figure 5-2(d-f), while the shear stain (ZX axis) can be found in Figure 5-2(g).   
 
The strain values in each area of interest; main body of the billet, die entrance and extrusion 
product, can be found in Table 5-4.     
 
Area LER HER FD CD 
Radial Direction (XX axis) 
Main Body -0.97 / 0.28 -0.74 / 0.22 -1.21 / 0.06 -0.03 / -0.97 
Die Entrance -1.25 / -0.47 -1.33 / -0.92 -1.89 / -0.96 -2.26 / -1.32 
Die Exit -1.69 / -0.36 -1.42 / -0.82 -2.01 / -1.49 -2.47 / -1.20 
Hoop Direction (YY axis) 
Main Body -0.53 /  0.03 -0.75 / 0.04 -0.11 / 0.03 -0.11 / 0.04 
Die Entrance -0.48 / -0.35 -1.0 / -0.78 -0.40 / -0.16 -0.41 / -0.15 
Die Exit -0.37 / -0.29 -1.03 / -0.87 -0.39 / -0.16 -0.41 / -0.14 
Extrusion Direction (ZZ axis) 
Main Body -0.18 / 1.02 -0.16 / 1.17 -0.13 / 0.96 -0.06 / 0.90 
Die Entrance 0.95 / 1.84 1.13 / 2.35 1.03 / 2.09 1.06 / 2.34 
Die Exit 0.75 / 1.87 1.75 / 2.47 1.71 / 2.43 1.56 / 3.06 
Shear (ZX axis) 
Main Body - - - - 
Die Entrance 0.63 / 0.78 0.93 / 1.23 0.84 / 0.97 0.93 / 2.06 
Die Exit - - - - 
 
Table 5-4  Strain ranges in the areas of interest of AA2014 extrusions.  
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Radial Strain (XX) 
 
As seen in Figure 5-2 and Table 5-4, only a minimal radial stress is developed in the main body 
of the billet, for both rod and tube extrusions. During the rod extrusion, both compressive and 
tensile strains develop in the main body of the billet. Positive radial strain can be seen near the 
core of the billet, while negative radial strain has developed near the interface of the billet with 
the container. Thus the inner part of the billet is subjected to low intensity tension, while the 
outer to moderate to strong intensity compression. During the tube production the material is 
restricted centrally by the rigid stem. This results in the development of moderate to high 
compressive strains along the radial direction in both outer and inner parts of the hollow billet. 
 
During the first steps of extrusion the material is deformed to fill the container and a DMZ is 
formed. In later steps, the outer material of the billet that is adjacent to the container-billet 
interface is pushed forward until it meets the DMZ. At that point the movement of the material 
is restricted by both the container and the static material of the DMZ and thus a considerable 
compressive radial strain develops. The maximum radial strain is found in the CD tube 
extrusion case (-2.26), while it gets lower as we move to FD tube (-1.89), HER (-1.33) and  
LER rod (-1.24) respectively.   
 
Considerably higher values are predicted for the area near the die exit. As the material is forced 
to flow through the die orifice, high compressive strains are developed. The lower strain values 
are observed in the LER rod (-0.36/-1.69), while in the HER rod the strain increases slightly,  
to -0.82/-1.42. The radial strain in the FD tube extrusion case is considerably higher than the 
one in the high extrusion ratio rod, and varies between -1.49/-2.01. This indicates that it is  
not only the extrusion ratio and the decrease in the cross-section area from billet to extrudate 
that affects the developed radial strain. Nearly the same strain range is observed in the CD tube 
(-1.20/-2.47). Thus the die shape does not seem to have a strong effect on the overall strain 
along the radial axis.  
 
Hoop Strain (YY) 
            
The strain along the hoop direction in both the semi-extruded billets and extrusion products is 
generally low since it varies between -0.53/0.04 for all extrusions. The only exception is the 
HER rod case, where higher values were predicted (1.03/0.04). It is believed that higher 
extrusion ratios and high material speed can cause a non-steady material flow along  
the cross-section of the billet and might be related to the data obtained. In all cases the intensity 
is moderate to low.  
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Extrusion Strain (ZZ) 
 
The strain along the extrusion direction is considerably stronger than the hoop and radial strains. 
During both rod extrusions an extensive funnel formed near the die entrance where high 
extrusion strain is observed. For the LER rod case the strain is 1.02, while for the HER rod  
case increases to 1.17. The use of a stem during the tube extrusion does not allow the formation 
of a similar deformation funnel.  
 
When the material enters the die orifice, it gets restricted in both radial and hoop direction. Thus 
it is subjected to intense tensile strain along the extrusion direction. The tensile strain in  
the LER rod varies between 0.75/1.87, while the corresponding value of the HER case  
rod is 1.75/2.47. This is indicative of the strong effect that the extrusion ratio has on the  
strain developed along the extrusion direction. A nearly identical value was predicted for the FD 
tube (1.71/2.43). The die geometry also seems to have a strong effect on the strain profile, since 
the stain along the extrusion direction in CD tube varies between 1.56/3.06. 
 
Shear Strain (ZX) 
 
The shear strain developed along the DMZ face is extremely important for understanding both 
the microstructure and texture development in the extrudate. It is one of the main deformation 
steps that the material undergoes during its extrusion and the source of redundant work in the 
process. It is believed that the billet material undergoes several deformation steps before 
reaching the die exit. As long as the material is in the main billet body it is mainly stressed 
along the radial and extrusion direction. Afterwards it is forced to shear (1st shear) and move 
along the DMZ-billet interface. When the material is adjacent the die orifice, it undergoes again 
intense shearing (2nd shear) and high tensile strain along the extrusion direction in order to enter 
the die. In the die it is mainly compressed along the radial direction and pulled in tension along 
the extrusion direction.   
   
For the three first cases the main shear strain (1st shear step) developed along the DMZ-billet 
interface and the maximum shear reaches 1.35. A slightly higher value is observed in the CD 
tube extrusion case where the maximum shear is 2.06. However, the shear in that case did not 
develop between the DMZ and the slow flowing material, but between the material adhered on 
the die face (because of the sticking friction conditions) and the moving material. The shear is 
nearly uniform in the HER rod, FD and CD tube (0.9/1.35), while appears less intense in the 
LER rod (0.63/0.78). This relatively uniform value means that the shear strain is mainly affected 
by the material constitutive behaviour and the extrusion ratio.  
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Strain Rate 
 
High strain rates only developed near the die entrance area, with the maximum values observed 
in the material that was in contact with the die entrance radius. The main part of the deforming 
billet, as also the extrusion products exhibit minimal strain rate values. The strain rate  
decreases as we move from the HER rod (4.6 s-1), to the FD and CD tubes (2.5 s-1) and finally  
the LER rod (1.1 s-1). This is in correspondence to the shear strain values and the material 
velocity data mentioned previously.  
 
 
5.3  Material Flow analysis 
 
The flow pattern that a material follows during extrusion is affected by a number of parameters. 
Thus all the extrusions were conducted at the same temperature, the tooling was maintained at 
the same temperature and the friction coefficients were kept constant. In each extrusion trial 
only one parameter changed, in order to make its effect evident. Figure 5-3 illustrates the 
deformed marking grid engraved on the semi-extruded billet and the corresponding data 
obtained from Forge®2008 simulations.  
 
In all extrusion cases through a flat faced die, a funnel is evident near the die entrance that 
extends backwards toward the back of the billet. That funnel is formed because the material 
does not flow with the same speed along its cross-section. The flow near the centre of the billet 
is fast, since there is nothing to restrict it. As we move towards the container, the material flows 
slower and slower until we reach the dead metal zone where the material is totally static, 
because of the friction developed along the container-billet interface. From examining the 
horizontal lines of the engraved grid it is apparent that the material flows faster in the LER rod 
case than the HER. As aforementioned earlier in paragraph 5.2.3 this is because of the different 
friction coefficient along the billet-container interface used in the two rod extrusion cases. 
While sticking conditions occurred during the LER rod extrusion, a Tresca friction coefficient 
of 0.8 was favoured for the HER rod case in order to simulate the material flow as appears in the 
gridded billet. From Figure 5-3(c) it is apparent that the material did not adhere on the container 
liner, but that there was some relative movement. It is believed that in this case a small quantity 
of graphite lubricant leaked from the billet-pressure pad interface to the billet-container surface 
and thus altered the friction conditions. The fact that the first horizontal grid line is totally 
parallel only in the HER rod case, while is slightly bend upwards in the other three is also 
indicative of the poor lubrication along the billet-pressure pad interface in the later cases. 
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Figure 5-3  Comparison of the experimental and the simulated extrusion grid machined on the 
billet cross-section prior extrusion in order to identify the material flow pattern.  
 
The profile of the CD tube semi-extruded billet shows that the material in the centre of the billet 
is pushed forward almost as a uniform body with relatively slow speed, since the horizontal 
lines are only slightly bend downwards. The horizontal lines of the FD billet are considerably 
more deformed indicating higher material speed near the stem-billet interface. In both tube cases 
the horizontal grid lines are not discernible in the extrudate because of the high  
temperature and stress conditions developed during the process. The flow is relatively smooth in 
all cases as seen from the nearly parallel vertical grid lines.     
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5.4  Metallography 
 
Figure 5-4 to Figure 5-7 illustrate the microstructure of the semi-extruded AA2014 billets in 
both the un-extruded part of the billet and the extrudate. All extrusions where conducted under 
the same conditions and were water quenched upon emerging from the die orifice. 
 
Dead Metal Zone 
 
The billet material in the DMZ area exhibits a deformed equiaxed microstructure in all four 
extrusion cases. The microstructure is coarse and homogenous since the average grain size 
varies from 64 ± 4 µm for the FD tube extrusion, 67 ± 3 µm for the HER rod case to 70 ± 4 µm 
for the LER rod and CD tube cases. The grains are only slightly pancaked along the extrusion 
direction and elongated along the radial and the hoop directions due to the compressive strains 
developed along the extrusion and radial directions since the material is constricted in the corner 
of the extrusion chamber. The average grain size of the LER and the HER rods in the DMZ area 
is 56 µm along the extrusion direction, 71 µm along the radial direction and 82 µm along the 
hoop direction for the first case, Figure 5-4(a1/b1) and 65 µm, 68 µm and 67 µm respectively in 
the latter, Figure 5-5(a1/b1). The corresponding values for the tube extrusions are 72 µm along 
the extrusion direction, 58 µm along the radial direction and 68 µm along the hoop direction for 
the FD tube specimen, Figure 5-6(a1/b1), and 61 µm, 67 µm and 85 µm for the CD tube 
specimen, Figure 5-7(a1/b1). In both rod extrusions the grains remained equiaxed and  
retained signs of their original dendritic form, Figure 5-5(a1). In general the microstructure is 
regarded as similar in each case and it seems that neither the different press setup, nor the 
differences in material flow pattern have an effect on the microstructure in the DMZ area. 
  
Shear Zone 
 
The intense strains developed along the shear plane, forced the grains to shear and elongate 
along the flowing material-DMZ interface giving them the characteristic needle-like form seem 
in extrusions. The grain size is affected by both shear strain and temperature of the material. The 
more intense the shear and the lower the temperature, the finer the microstructure is. A preferred 
orientation along the hoop direction is also observed in all specimens, Figure 5-4 to Figure 5-7 
(b2), due to the high radial strain. It has to be pointed out that the two rod extrusions and the FD 
tube produced fine grains, while the microstructure of the CD tube specimen is considerable 
coarser. This is attributed to the lower strain developed in that case in conjunction with the  
high temperature that promotes grain growth. The different press setup used in rod and  
tube extrusions appears to have an effect on the microstructure, since the grains in the  
tubes are considerably more elongated along the extrusion direction than they are in the rods.     
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Figure 5-4  Light micrographs illustrating the microstructures developed during the extrusion of a 
AA2014 rod under low extrusion ratio (LER); a1) and b1) Dead metal zone along the extrusion and 
radial direction respectively, a2) and b2) Shear zone along the extrusion and radial direction 
respectively, a3) and b3) Central zone along the extrusion and radial direction respectively, c1)  
and d1) Outer surface of the rod along the extrusion and radial direction respectively, c2) and d2) 
Central part of the rod along the extrusion and radial direction respectively. 
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Figure 5-5  Light micrographs illustrating the microstructures developed during the extrusion of a 
AA2014 rod under high extrusion ratio (HER); a1) and b1) Dead metal zone along the extrusion and 
radial direction respectively, a2) and b2) Shear zone along the extrusion and radial direction 
respectively, a3) and b3) Central zone along the extrusion and radial direction respectively, c1)  
and d1) Outer surface of the rod along the extrusion and radial direction respectively, c2) and d2) 
Central part of the rod along the extrusion and radial direction respectively. 
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Figure 5-6  Light micrographs illustrating the microstructures developed during the extrusion of a 
AA2014 tube through a flat faced die (FD); a1) and b1) Dead metal zone along the extrusion and 
radial direction respectively, a2) and b2) Shear zone along the extrusion and radial direction 
respectively, a3) and b3) Central zone along the extrusion and radial direction respectively, c1)  
and d1) Outer surface of the tube along the extrusion and radial direction respectively, c2) and d2) 
Inner surface of the tube along the extrusion and radial direction respectively. 
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Figure 5-7  Light micrographs illustrating the microstructures developed during the extrusion of a 
AA2014 tube through a conical die (CD); a1) and b1) Dead metal zone along the extrusion and 
radial direction respectively, a2) and b2) Shear zone along the extrusion and radial direction 
respectively, a3) and b3) Central zone along the extrusion and radial direction respectively, c1)  
and d1) Outer surface of the tube along the extrusion and radial direction respectively, c2) and d2) 
Inner surface of the tube along the extrusion and radial direction respectively. 
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The mean thickness of the shear zones ranges between 15-18 µm for the LER  
(Figure 5-4(a2/b2)), HER (Figure 5-5(a2/b2)) and FD specimens (Figure 5-6(a2/b2)), while for  
the CD case is 35 µm (Figure 5-7(a2/b2)). In both tube cases the length of the grains exceeds  
the 228 µm, which is the size of the picture used, while the corresponding size for the HER  
and LER rod specimens is 195 µm and 41 µm respectively. The average grain size along  
the hoop direction is 41 µm for the LER rod, 32 µm for the HER rod, 78 µm for the FD tube  
and 74 µm for the CD tube. This means that the grains are highly elongated along the extrusion 
direction but also elongated along the hoop direction, with the strain along the radial direction 
giving the tube specimens a more extreme needle like form; the aspect ratio of the grains  
(length along the extrusion direction:radial direction:hoop direction) is higher. The overall mean 
grain size appears finer for the LER (31 ± 2 µm) and the HER rods (73 ± 15 µm) and coarser for 
the FD (98 ± 15 µm) and CD (103 ± 14 µm) tubes.  
 
Central Billet Zone 
 
The low strains and high temperature that characterize the central area of the deforming billets 
lead to the formation of coarse microstructure of needle like form in both rod and tube cases. 
The FD tube sample appears to have the coarsest overall mean grain size, 95 ± 13 µm, followed 
by the HER rod with 89 ± 13 µm, followed by the CD tube with 86 ± 12 µm and the LER rod 
with 75 ± 13 µm. This implies that the higher the strain conditions, the coarser the 
microstructure. This is not really indicative, because as with the microstructure in the shear zone 
the high elongation of the grains along the extrusion direction has a dominant effect on the 
mean grain size. The high shear strain FD tube and HER rod cases produced the most elongated 
grains. The mean grain size of the FD tube sample is >228 µm along the extrusion direction,  
38 µm along the radial direction and 76 µm along the hoop direction (Figure 5-6 (a3/b3)) and  
>228 µm, 37 µm and 56 µm for the HER rod case, respectively (Figure 5-5(a3/b3)). The grains 
are slightly pancaked along the radial direction and elongated along the hoop direction,  
while their size along the extrusion direction is dominant. The use of a rigid stem during the 
extrusion of tubes leads to the development of high compressive strains in the radial direction 
and elongation in the hoop direction. The grains in CD tube case also elongated along  
the extrusion direction, although they are not as elongated as in the FD case. The mean grain 
size in the CD tube extrusion measures to 167 µm along the extrusion direction, 31 µm along 
the radial direction and 115 µm along the hoop direction, Figure 5-7 (a3/b3). The microstructure 
of the LER specimen is less deformed than the other cases. The mean grain size measured  
152 µm along the extrusion direction, 51 µm along the radial direction and 44 µm along the 
hoop direction, Figure 5-4(a3/b3).  
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Inner Surface 
 
Figure 5-4 to Figure 5-7 (c2/d2) show that the microstructure in the inner part of both rods and 
tubes follows the same trend with the central part of the partially-extruded billet, but is slightly 
finer. In all four cases the grains are more elongated along the extrusion direction and more 
compressed along the radial and hoop directions, compared to the corresponding area of the 
parent billet. From examination of the cross sections of the tubes along the radial-hoop  
planes, Figure 5-6(d2) and Figure 5-7(d2), it is apparent that the grains of both tubes are  
more compressed along the radial direction and elongated along the hoop direction due  
to the existence of the stem. The mean grain size of the FD tube is >228 µm along  
the extrusion direction, 17 µm along the radial direction and 65 µm along the hoop  
direction (Figure 5-6(c2 /d2)) and >228 µm, 24 µm and 91 µm for the CD tube, respectively  
(Figure 5-7(c2 /d2)). The grains of both rods are also of needle form. Their length  
exceeds 228 µm, while their size along the radial direction is coarser than in the tubes since  
they measure 26 µm for the HER rod and 39 µm for the LER rod. In both rod cases the grains 
appear more equiaxed along the radial-hoop planes, Figure 5-4(d2) and Figure 5-5(d2), 
measuring 26 µm along the radial direction and 32 µm along the hoop direction for  
HER rod (Figure 5-5(d2)) and 39 µm to 43 µm for LER rod respectively (Figure 5-4(d2)). 
 
Outer Surface 
 
From Figure 5-4 to Figure 5-7(d1/d2) it is apparent that the outer layer of the extrudate is 
characterized by a similar microstructure to the central part, but considerably finer. The effect is 
a result of recrystallization and thus it is more intense for the LER and HER rod cases. The high 
strains developed in the area near the die radius that forms the rod surface in conjunction to the 
high temperature caused by the adiabatic heating promotes intense recrystallization. The finer 
grain size is observed in the HER rod, with an overall average grain size of 32 ± 8. An average 
grain measures 77 µm along the extrusion direction, 10 µm along the radial direction and 20 µm 
along the hoop direction. The LER rod sample consists of grains measuring 171 µm along the 
extrusion direction, 11 µm along the radial direction and 28 µm along the hoop direction, with 
an overall mean average grain size of 55 ± 12 µm (Figure 5-4(c1/d1)). The recrystallization is 
more intense in the HER sample as both total strain and temperature, the factors affecting  
both the driving force and the kinetics of recrystallization, are higher. As seen in Figure 5-5(c1) 
large equiaxed grains formed on the outer layer of the rod, with an average grain size that 
exceeds 50 by 100 µm. Both tubes exhibit a coarser microstructure than the rods, with a mean 
size of 81 ± 14 µm in the FD tube and 86 ± 14 µm for the CD tube. The FD tube microstructure 
is slightly more compressed along the radial direction, while both are highly elongated along the 
extrusion direction. The FD tube average grain size was >228 µm along the extrusion direction, 
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12 µm along the radial direction and 73 µm along the hoop direction, Figure 5-6(c1/d1). The 
corresponding values for CD sample are >228 µm along the extrusion direction, 20 µm along 
the radial direction and 78 µm along the hoop direction, Figure 5-7(c1/d1).    
  
 
5.5  Texture 
 
Texture measurements were carried out in both areas of major interest; the maximum shear zone 
in the deforming billet and the extrudate. The results are illustrated in Figure 5-8 and Figure 5-9. 
   
Figure 5-8 illustrates the texture developed along the maximum shear zone (as predicted form 
Forge®2008 simulation package) during the extrusion of AA2014. The plane normal to the pole 
figures corresponds to the shear plane, while the material flow direction along the shear zone 
and towards the die orifice is from top to bottom, as stated. 
 
As seen in Figure 5-8 all specimens exhibit a similar, complex texture. A strong duplex  
111 and 100 deformation texture characterizes both rod and tube samples. This type of 
texture is typical shear texture component in face-centred cubic metals, while 111 is also the 
predominant component in aluminium and copper rolling texture [1]. Dillamore and Roberts [1] 
refer to 100011, 111 fiber texture, 111112 and 111110 as main shear texture 
components in aluminium. 
 
Even if all specimens have developed the same typical shear deformation texture type, the 
intensity in both 111 and 100 pole figures varies, with CD tube and HER rod poles 
exhibiting considerably stronger texture than the FD tube and LER rod specimens. The CD tube 
pole figures exhibit the strongest texture, while the intensity decreases as we move to HER rod, 
FD tube and LER rod. This complies with the data obtained from Forge®2008 simulations, 
according to which the shear strain developed in the dead metal zone-material flowing interface 
is minimum in the LER rod semi-extruded billet and increases in FD tube, HER rod and  
CD tube billets respectively.  
 
The 111 pole figure is complicated, described by three main set of poles. The two of them are 
of high intensity and are regarded as the main maxima, while the third is considerably weaker 
and thus is regarded as a secondary texture component.  
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Figure 5-8 Pole figures showing the 


, 
, 

 and 

 poles of the AA2014 extrusions, 
on the maximum shear zone.  
 
The first of the main texture components is a set of six poles tilted 30° from the pole axis, 
towards the shear plane and normal to the material flow direction. The intensity of that 
component is higher for the HER rod specimen (3-4.5 times random out of a scale of 4.5), 
decreases to 2-3 times random for the FD and CD tubes and then further to 1.5-2.5 times 
random for LER rod. A number of 111 plane normals are further rotated at 90° towards the 
shear plane and normal to the material flowing direction. The intensity of the CD tube 
component is nearly equal to that of the HER rod, with the first varying between 2.5-4.5 times 
random and the second between 3.0-4.5 times random. The corresponding values of the FD tube 
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and the LER rod specimen are 2.0-3.0 and 1.0-1.5 times random respectively. The secondary 
texture component is a set of peaks inclined 90° from the pole axis along the material flow 
direction. The intensity of the peaks ranges from 2-2.5 times random for the HER rod, FD tube 
and CD tube cases, while decreases to 1.0-1.5 times random for the LER case.    
     
As seen in Figure 5-8, both FD and CD tubes as also the HER rod specimens, developed the 
same 100 texture. In all three cases the majority of the 100 plane normals are located in 
four peaks, 30° from the pole axis towards the shear plane and 30° from the material flow 
direction. HER rod seems to have the strongest component, with peak intensity of 3.25 times 
random. FD tube, CD tube and LER rod follow with peak intensities of 2.25-2.75, 1.75-2.5 and 
1.25 respectively. A considerable number of peaks are further rotated to 90° along the same axis 
and parallel to the shear plane. The strength of these peaks follows the exact same order as 
before and are 3.25 times random for the HER rod, 2.25-2.75 times random  for the FD tube, 
1.75-2.25 times random  for the CD tube and 1.5 times random for the LER rod case. In the 
three first cases there is only a very weak 100 texture component along the pole axis, with a 
maximum intensity of 1.0-1.5. However, the intensity of that peak in the LER rod case ranges 
between 2.25-2.5 times random. This indicates that when the shear strain is not very intense the 
100 plane normals align along the pole axis, while as the shear strain increases they rotate  
30° from the pole axis (and some other up to 90°) and 30° from the material flow direction.  
 
Apart from the duplex deformation texture, all samples also exhibit a very strong  
110 recrystallization texture. Matherley and Hutchinson [2] indicate that the face-centred 
cubic metals that develop a copper-type rolling texture, as aluminium, are characterized by a 
sharp { } 001110  recrystallization texture. In all cases there are two texture components. The 
majority of the peaks are found along the pole axis, while a considerable number of peaks are 
rotated 60° from the pole axis, towards the shear plane and normal to the direction of the 
flowing material. The HER rod pole exhibits an intensity of 4.0-4.5 times random along the  
pole axis and of around 3.0 times random rotated 60° from it. The corresponding values for  
the CD tube specimen are 3.5-4.5 times random and 3.0-4.0 times random respectively. Both 
FD tube and LER rod cases developed weaker 110 texture. The peak intensity along the pole 
axis is 2.75-3.25 times random for the FD tube and around 2.0-3.0 times random for the LER 
rod case, while 60° from the pole axis the peak intensities vary between 2.0-3.25 times random 
for the first and 1.5-2.0 times random for the latter.  
 
No profound orientation can be identified in the 311 pole figures, since their maximum peaks 
do not exceed the 1.25 times of random out of a scale of 4.5 times random. 
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Both rods and tubes exhibit the same texture type with the shear zone specimens, with a strong 
duplex 111 and 100 deformation texture component and a 110 recrystallization texture. 
The overall texture in the extrusion products (both rods and tubes) is considerably stronger. As 
seen in Figure 5-9, the maximum intensity in the FD tube, CD tube and LER rod poles is  
the 9 times random, while the corresponding value for the HER rod is 22 times random. This 
makes the HER rod texture more than two times stronger than that of the LER rod and it is 
indicative of the dominant effect that the strain induced in the material has on the orientation of 
the grains in the extrudate.  
 
From the three main sets of peaks that characterize the 111 pole figure (as described 
previously), only the one of them is of high intensity. The first main texture component, 
described by a set of six poles tilted 20-30° from the pole axis towards the hoop-extrusion plane 
and along the hoop direction appears less strong than the corresponding component in the shear 
zone specimen. The intensity of that component is higher for the FD tube (3.0-3.75 times 
random out of a scale of 4.5), decreases to 2.25-3.25 times random for the CD tube and HER 
rod and then further to 2.0-2.75 times random for LER rod. The vast majority of the 111 plane 
normals are rotated 90° towards the hoop direction of the extrusion product. The strongest 
orientation is observed in the HER rod, which as seen in Figure 5-9, exhibits an intensity  
of 22 times random. The intensity of the FD tube poles is also high (9 times random) but less 
than the half that of the HER rod. The corresponding values of the LER rod and the CD tube  
are 3.5-6.5 and 3.0-5.0 times random respectively. The secondary texture component is very 
weak and thus only a small number of 111 planes are aligned normal to the extrusion 
direction. The intensity of the secondary texture component peaks ranges from 4.0-5.0 times 
random for the FD tube, 2.0-3.0 for the CD tube and 2.0-2.5 for the LER rod, while it decreases 
to 0.5 times random in the HER rod.    
 
The HER rod developed also a strong 100 texture with nearly all the plane normals rotated 
90° from the pole axis and parallel to the hoop direction. The texture intensity exceeded the  
18.5 times random, showing a very strong alignment of the 100 planes normal to the hoop 
direction of the rod. The corresponding values for the FD tube, CD tube and LER rod are  
within the range of 1.5-2.75 times random. In all these later three cases the majority of the 
100 plane normals are located in four peaks, 30-40° from the pole axis towards the hoop 
direction and 30-40° from the extrusion direction. 
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Figure 5-9  Pole figures showing the 


, 
, 

 and 

 poles of the AA2014 extrudate. 
 
FD tube seems to have the strongest component, with peak intensity of 5.5-6.5 times random. 
HER rod shows an intensity of 3.0-4.0, while CD tube and LER rod follow with peak  
intensities of 2.0-3.0 and 2.0-2.75 respectively. Only a weak 100 texture component along  
the pole axis is observed. The peak intensity in the LER rod, CD tube and FD tube cases  
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ranges between 1.0-2.0 times random. The HER rod developed a slightly stronger component  
of 2.0-3.0 times random.  
 
A strong 110 texture characterizes both high deformation cases (HER rod and FD tube). This 
is attributed to the higher adiabatic heating that occurs in these cases, due to the considerably 
higher strains and strain rates developed during the double shearing of the material. The 
majority of the peaks are along the pole axis, while a considerable number of peaks are  
rotated 60° from the pole axis towards the hoop direction. The FD tube pole exhibits an 
intensity of 7.0-9.0 times random along the pole axis and of around 6.0-9.0 times random 
rotated 60° from it. The corresponding values for the HER rod specimen are 6.5-8.0 times 
random and 3.0-4.0 times random respectively. Both CD tube and LER rod pole figures show  
a weaker 110 texture. The peak intensity along the pole axis is 2.5-3.5 times random for  
the CD tube and around 2.5-3.25 times random for the LER rod case, while the intensities of the 
peaks 60° from the pole axis vary between 3.0-5.0 times random for the first and 2.5-3.5 times 
random for the latter.  
 
As seen in Figure 5-9, there in no profound alignment of the 311 planes, since the maximum 
intensity contours do not exceed the 3.0 times random for the HER rod case, 2.5 times  
random for the FD tube or the 1.75 times random (out of a scale of 9.0 times random) for the 
CD and LER extrudates. 
 
The HER rod developed the strongest texture. The FD tube had the second strongest texture 
while CD tube and LER rod followed. The pole figures of HER rod reveals that its main texture 
component is the alignment of 111 plane normals to the hoop direction and along the 
extrusion direction of the rod. There is a second component with the 100 planes in the same 
orientation as the 111 planes. Finally the least strong component was with the  
110 planes parallel to the extrusion and normal to the radial direction. In both LER rod and 
FD tube the 111 texture component is strongest. In FD tube although, the secondary texture 
component is the 110 and not the 100 as in the HER rod case. The 100 is the third  
texture component and in that case the 100 planes are located 30-40° from the radial direction 
and 30-40° from the extrusion direction. In CD tube the main texture component was with  
the { }110  planes along the extrusion direction and 60° from the radial direction, while the 
secondary was the 111. The 111 is the main deformation texture in aluminium and this is 
why it is the main texture component in three of the four extrusions. The fact that 111 texture 
is considerably higher for the HER rod and FD tube is indicative of the higher deformation  
that the material experiences in these cases as the extrudate is formed. From the examination  
of the 110 pole figures of Figure 5-9 it becomes apparent that there is a difference  
Chapter 5 - Aluminium 
 
209 
 
between the rod and the tube extrusions with the latter showing considerably stronger texture. 
This might occurred due to higher temperature and strain that favours recrystallization. 
  
 
5.6  Conclusions 
 
Rods and tubes of AA2014 were produced through direct, forward, hot extrusion. The effect of 
extrusion ratio and die geometry on the microstructure and texture of the extrudate were 
examined. Gridded extrusion billets were used to study the bulk flow of the material during 
extrusion. Microstructural investigations and texture analysis were conducted on both  
partially-extruded billets and extrudates in order to identify the deformation that the material 
undergoes during the production process. The finite element deformation simulation package 
Forge®2008 was used to study the material flow and provide hot working information  
including extrusion speed, temperature, strain and strain rate that would assist in developing  
an understanding of the deformation process and the production of the microstructure and 
texture experimentally observed. From the results aforementioned in Chapter 5, the following 
conclusions can be drawn.   
 
Material Flow 
 
The deformed patterns produced from both extruding a gridded billet and Forge®2008  
indicate that the bulk flow of the material during extrusion is affected by all the examined 
factors. The tendency of hot aluminium to stick on the steel tooling has a dominant effect.   
 
Microstructural Observations 
 
The microstructural analysis in the DMZ suggests that coarse deformed equiaxed grains 
characterize all AA2014 extrusions. The microstructures in the DMZ despite being equiaxed 
still show signs of their original dendritic form. The intense strain developed along the shear 
plane forced the grains to shear and elongate along the flowing material-DMZ interface giving 
them the characteristic needle-like form. The grain size is affected by both shear strain and 
temperature of the material. The more intense the shear and the lower the temperature, the finer 
is the developed microstructure. The different press set up used in rod and tube extrusion trials 
seems to have an effect on the microstructure, since the microstructures developed in the tubes 
are considerably more elongated along the extrusion direction than in the rods. The grains apart 
from along the extrusion direction also appear elongated along the hoop direction, while 
compressed along the radial direction.  The low strains and high temperature in the central area 
of the deforming billets lead to the formation of coarse needle microstructure, for both rod and 
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tube cases. The grains are slightly pancaked along the radial direction and elongated along the 
hoop direction, while their size along the extrusion direction is dominant. The microstructure in 
the inner part of both the rods and tubes follows the same trend with the central part of the  
semi-extruded billet, but is finer. The high strains developed in the area near the die radius that 
forms the extrudate surface, in conjunction to the high temperature caused by the adiabatic 
heating promote intense recrystallization. The recrystallization is more intense in the HER rod 
sample as both total strain and temperature are higher in that case. Both tubes exhibit coarser 
microstructure than the rods. The FD tube microstructure is slightly more compressed along the 
radial direction than the CD tube, while both are highly elongated along the extrusion direction. 
 
Texture   
 
Both rod and tube shear samples exhibit a similar duplex 111 and 100 deformation texture. 
This type of texture is the typical shear texture component in face-centred cubic metals, while 
111 is also the predominant component in aluminium and copper rolling texture [1]. The 
intensity in both 111 and 100 pole figures vary, with FD tube pole figures exhibiting the 
strongest texture. The intensity decreases as we move to HER rod, CD tube and LER rod 
specimen. When the shear strain is not very intense, the 100 planes align themselves parallel 
to the shear plane, while as the shear strain increases they rotate 30° from the pole axis (and 
some other further to 90°) and 30° from the material flow direction. Apart from the duplex 
deformation texture, all samples also exhibit a strong 110 recrystallization texture. The 
majority of the peaks are along the pole axis, while a considerable number of grains rotated 60° 
from the pole axis towards the shear plane and normal to the direction of the flowing material. 
  
All extrudates exhibit the same texture type with the shear zone specimens, with a strong duplex 
111 and 100 deformation texture and a 110 recrystallization texture component. The 
overall texture in the extrusion product (both rods and tubes) although is much stronger. 
  
HER rod developed the strongest texture. FD tube has the second strongest texture, while CD 
tube and LER rod follow. The main texture component of the HER rod is the alignment of 
111 planes normal to the hoop direction and along the extrusion direction of the rod. 
However, there is a second component that favours the 100 planes at the same orientation 
with the 111 planes, as also an even less strong third component with the  
110 planes parallel to the extrusion and normal to the radial direction. In both LER rod and 
FD tube the main texture component is the 111. In FD tube the secondary texture component 
is the 110 and not the 100, as in HER rod. The main texture component of the CD tube 
places the 110 planes along the extrusion direction and 30° from the radial direction, while 
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the 111 is secondary. The considerably higher intensity of the 111 texture of the HER rod 
and FD tube is indicative of the higher deformation that the material experiences in these cases. 
  
It is apparent from both experimental and simulated data that the sticking friction conditions 
between the aluminium and the steel tooling has a very strong effect on the flow behaviour of 
the extrusion billet. The high thermal conductivity of the material makes this effect even more 
intense. The use of a cool stem during the tube extrusion is evident but not as strong as in the 
high extrusion temperature cases of Zr-2.5Nb and CP Ti. 
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6.0   
Chapter 6 – Magnesium 
 
6.1  Magnesium Extrusion 
 
CP Mg extrusions were conducted at starting temperatures in the range of 400-550°C. The 
billets were heated into an air circulation furnace for an hour and then were placed into  
the preheated extrusion chamber. The extrusion matrix can be seen in Table 6-1. 
 
Extrusion Ratio Lubricant Die Temp 
LER - 3.27:1   
HER - 8.86:1 
FD - 8.85:1 
CD - 7.05:1 
- 200°C 
Billet Temp Extrusion Pad Temp 
400-550°C 50°C 
Extrusion Speed Container Temp Stem Temp 
3 mm.s-1 300°C 50°C 
 
Table 6-1  CP Mg extrusion conditions matrix. 
 
6.2  Extrusion Simulation 
 
6.2.1 Input Data 
 
The rheological, thermal and friction data used in the CP Mg extrusion simulations are given in 
Table 6-2, while the rest of the input data used can be seen in Table 6-1. 
 
Properties CP Mg 
Density (kg.m-3) 1740 
Specific Heat (J.kg-1.°C-1) 1025 
Thermal Conductivity (W.m-1.K-1) 159 
Heat Transfer Coefficient 
Billet-Tooling (W.m-2.K-1): 11000 
Heat Transfer Coefficient 
Billet-Air (W.m-2.K-1): 10 
Emissivity 0.07 
B 3011 
N 0.0 
K 0.230 
m 0.165 
Tresca Coefficient Sticking 
 
Table 6-2  Rheology and thermal data for CP Mg extrusion simulation. 
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6.2.2 Extrusion Load – Displacement Curves 
 
The extrusion load versus ram displacement curves for both experimental and simulation data 
are plotted in Figure 6-1. 
 
 
 
Figure 6-1  Extrusion load plotted versus ram displacement curves from experimental and 
simulation data; a) Low extrusion ratio (LER) CP Mg rod, b) High extrusion ratio (HER) CP Mg 
rod, c) Flat die (FD) CP Mg tube and d) Conical die (CD) CP Mg tube. 
 
As seen in Figure 6-1, a relatively good fit was achieved between the simulated and the 
experimental data, on both breakthrough and the steady state extrusion load, in the low 
extrusion ratio (LER) rod and both flat die (FD) and conical die (CD) tube cases. A small 
discrepancy between the two curves is observed for the high extrusion ratio (HER) rod. 
Although the general trend of the simulated and the experimental data curves is close and  
a relatively good fit was achieved, the model seems to have difficulty in predicting  
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the breakthrough point correctly, while it consistently slightly over predicts the extrusion  
load. This discrepancy is attributed to the non-uniform friction and thermal conditions  
occurring during extrusion and is regarded as minor. The simulation output is felt to be adequate 
for all the CP Mg extrusion cases.    
 
6.2.3 Displacement, velocity, temperature, strain and strain rate contour maps 
 
In Figure 6-2 a number of different parameters obtained from Forge®2008 are presented. 
Initially a description of each one of the parameters will be given for all the extrusion trials in 
order to understand how the examined factors (extrusion ratio and die shape) affect them. Later 
in this chapter the combined effect of all the parameters will be discussed for each of the 
different extrusions in an attempt to rationalise the microstructures and textures obtained. 
 
Displacement 
 
As seen in Figure 6-2(a) and Figure 6-2(b), the dead metal zone (DMZ) formed in all the CP Mg 
extrusions is considerably more extensive than in Zr-2.5Nb and CP Ti. This is attributed to the 
sticking conditions occurring during magnesium extrusion due to the lack of lubricant between 
the deforming billet and the tooling. In rod extrusions, the die shoulder is considerably wider 
than in tube extrusions. This makes the movement of the material near the container-die corner 
more difficult and thus the DMZ in both rods is considerably more extensive than it is in the 
tube cases. The use of a moving stem during the tube extrusions restricts the billet material and 
leads to a relatively uniform material velocity and displacement profile along the billet’s cross 
section. While the movement of the material near the billet-container interface is strongly 
restricted by the sticking friction occurring, the material near the centre of the billet during rod 
production is not subjected to any such restriction but is free to move under the compressive 
force of the extrusion ram. This, in addition to the high temperature gradient within the billet 
between its centre and surface, leads to the formation of an extensive velocity funnel before the 
die orifice. The effect of the die shoulder width in the formation of the DMZ becomes evident 
from the absence of a static zone (0-10 mm.s-1) in the LER rod case, while in the HER rod the 
static zone extends up to the rear of the billet. Thus the LER rod DMZ does not consist of a 
static zone but of a slow flowing zone (0-10 mm.s-1). From both the displacement and the 
velocity profile maps of the FD tube, Figure 6-2(b), it is clear that the DMZ is considerably 
narrower, no matter if both extrusions were conducted under the same extrusion ratio  
(8.86:1 for HER rod and 8.85:1 for FD tube) and friction conditions. This is attributed in both 
the different die orifice and the use of the stem. No profound DMZ was formed in the CD tube 
extrusion since the conical shape of the die promotes higher material speed. Even in the 
container-die corner the minimum velocity is in the 0-10 mm.s-1 range.   
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Figure 6-2  Forge®2008 contour maps for low (LER) and high (HER) extrusion ratio rods  
and tubes extruded through flat (FD) and conical (CD) die; a) displacement (mm), b) material 
velocity (mm.s-1), c) temperature (°C), d) strain along the XX axis, e) strain along the YY axis,  
f) strain along the ZZ axis, g) strain along the ZX axis, h) strain rate (s-1).  
 
Velocity 
 
The material velocity seems to be influenced by both the geometry of the extrusion system  
(die orifice and shape) and the extrusion ratio. The material velocity near the die entrance varies 
between 9-10 mm.s-1 for the LER rod, increases to 16-18 mm.s-1 for the HER rod and CD tube 
and reaches a maximum of 18-22 mm.s-1 in the FD tube case. The material speed does  
not increase considerably between the die entrance and the die exit, since the material  
velocity in the extrudate for the LER rod case is 11 mm.s-1, in the FD tube is 23 mm.s-1, while 
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the corresponding value for the CD tube is 21 mm.s-1. The only exception is HER rod, where  
the velocity of the extrudate increases from 18-22 mm.s-1 near the die entrance, to 30 mm.s-1 in 
the die exit. The extrusion ratio seems to have a dominant effect on the material speed since  
the material velocity in HER rod is three times higher than in the LER rod, even though  
the material in the latter case was extruded in higher temperature than in the first. The  
material speed in the FD tube is believed to be affected by the lower billet temperature used in 
that case compared to the HER rod case. Under normal conditions the material in the FD tube is 
expected to flow slightly faster than in the HER rod, due to a higher strains profile developed.   
 
Temperature 
 
The billet temperature was not kept the same during the different extrusion cases and it should 
be taken into consideration before drawing any final conclusions. The temperature ranges for 
each one of the areas of interest, namely; main body of the billet, die entrance and extrusion 
product can be seen in Table 6-3.     
 
Area LER HER FD CD 
 Temperature (°C) 
Main Body 380-410 290-320 250-270 270-300 
Die 390-400 330 300 290-300 
Die Exit 400-410 340 290 280-290 
 
Table 6-3  Material temperature in the areas of interest of CP Mg extrusions.  
 
From the temperature distribution maps presented in Figure 6-2(c), an intense chilling in the 
billet-tooling interface is apparent in all extrusions, due to the high thermal conductivity of 
magnesium. During tube extrusions, the thermal loss is even more intense because of the cold 
stem used. This appears to have a very strong effect on the temperature distribution of the billet, 
which exhibits a strong temperature gradient, with the lower temperature near the upper left 
corner of the billet where the material is in contact with both stem and pressure pad  
(both in 50°C) and the maximum near the lower right corner of the billet that is in contact with 
the hot container and die (300°C and 200°C respectively). The same trend can be seen in both 
rod extrusion cases with the lowest temperature observed in the main body of the billet, but 
especially close to the interface with the pressure pad. In all cases a small temperature rise 
occurs near the upper surface of the DMZ and the die entrance due to the shear that takes place 
there. Temperature increases further as the material deforms more and is forced to flow through 
the die orifice. Even though both HER rod and FD tube were extruded under the same extrusion 
ratio, there is an average difference of 30-50°C in all areas of interest, with the first case 
exhibiting the higher temperature. Given that the billet used in the FD tube extrusion was heated 
to a temperature 50°C lower than the one used in the HER rod case (550°C), as also that the 
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cooling of the billet is more intense during tube extrusion (because of the cold stem) it can be 
assumed that the adiabatic heating and thus the deformation in the tube extrusion is  
more intense than in the rod production. The temperature distribution map for both tube 
extrusion cases is nearly identical, despite the fact that the billet used in FD tube case  
was extruded 50°C higher than the one in the CD tube case. The only difference is the  
slightly higher temperature of the billet during the extrusion through a conical die near  
the interface with the die due to the absence of a DMZ. This is indicative of the  
higher deformation that the material experiences during the flow through a flat faced die. 
  
Strain 
 
Figure 6-2(d-f) illustrates the strain profile maps developed in a partially-extruded billet  
along the extrusion (ZZ axis), radial (XX axis) and hoop axis (YY axis), while the shear stain 
(ZX axis) can be seen in Figure 6-2(g).   
 
The strain values in each area of interest; main body of the billet, die entrance and extrusion 
product are summarized in Table 6-4.     
 
Area LER HER FD CD 
Radial Direction (XX axis) 
Main Body -0.25 / 0.25 -0.25 / 0.25 0.0 / 0.5 0.0 / 0.5 
Die Entrance -1.25 / -0.5 -0.75 / -0.25 -0.75 / 0.0 -0.5 / 0.0 
Die Exit -1.5 / -0.25 -1.5 / -0.75 -2.25 / -1.5 -1.25 / -1.0 
Hoop Direction (YY axis) 
Main Body -0.25 /  0.0 -0.5 / 0.0 -0.25 / 0.25 -0.25 / 0.25 
Die Entrance -0.5 / 0.0 -0.75 / 0.0 -0.5 / -0.25 -0.5 / 0.0 
Die Exit -0.5 / -0.25 -1.0 / -0.75 -0.5 -0.5 / 0.0 
Extrusion Direction (ZZ axis) 
Main Body 0.25 / 0.75 0.25 / 0.75 0.0 / 0.5 0.0 / 0.5 
Die Entrance 0.75 / 1.5 0.75 / 2.0 0.25 / 2.0 0.25 / 1.5 
Die Exit 0.75 / 2.0 2.25 / 2.75 2.5 / 3.0 1.5 / 2.25 
Shear (ZX axis) 
Main Body 0.25 / 0.5 0.25 / 0.75 0.0 / 0.5 0.0 / 0.75 
Die Entrance 0.5 / 1.25 0.5 / 1.5 1.0 / 1.75 1.0 / 1.75 
Die Exit 0.25 / -0.75 0.25 / -0.75 -0.5 / 0.5 0.0 / 0.25 
 
Table 6-4  Strain ranges in the areas of interest of CP Mg extrusions.  
 
Radial Strain (XX) 
 
As seen in Figure 6-2 and Table 6-4, a minimal radial stress is developed in the main body  
of the billet for all extrusion cases. During rod extrusion the strains are both compressive  
and tensile. As the billet deforms and starts filling the container, the material near the interface 
with the container is forced towards the container liner wall, while the material near the core  
of the billet moves towards the centre of the billet. During tube production, the material  
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is restricted centrally from the rigid stem and so it is forced towards the container, resulting  
in minimal positive radial strain. 
 
As the billet material is forced into the shear zone, it is restricted by both the container and the 
static material of the DMZ and so a considerable compressive radial strain develops. The radial 
strain is considerably higher in the rod cases due to the more extensive DMZ developed there.  
 
Considerably higher strains are observed in the die area. As the material is forced to flow 
through the die orifice, high compressive strains develop. The lower strain values (-1.5/-0.25) 
developed in low extrusion ratio rod, while in the high extrusion ratio rod the strain slightly 
increases (-1.5/-0.75). The corresponding value for the FD tube is considerably higher, since it 
varies between -2.25/-1.5. Since both HER rod and FD tube were extruded under the same 
extrusion ratio, the developed radial strain cannot be affected by only the extrusion ratio and the 
decrease in the cross-section area from billet to extrudate. The strains developed along the radial 
direction of the CD tube are lower than those in the FD tube, showing that the die shape has an 
effect on the overall strain along the radial axis.  
 
Hoop Strain (YY) 
            
The hoop strains in both the semi-extruded billets and extrusion products are minimal since they 
do not exceed the -0.5/0.25 in any case.  Thus it is believed that none of the examined extrusion 
parameters has a strong effect on the development of hoop strain. Slightly higher values can be 
found near the die. This is not attributed to any of the extrusion parameters, but can be related to 
non-steady material flow along the cross-section of the billet that might occur as the material 
shears to enter the die. 
  
Extrusion Strain (ZZ) 
 
The strains developed along the extrusion direction are considerably greater than along the  
hoop and the radial directions. The extensive funnel formed before the die entrance, and along 
the length of the billet during the rod extrusions seem to have an effect, since moderate  
tensile strains can be seen near the die area in both LER and HER cases (0.75-2.0), while the 
corresponding values in the tube maps are negligible.  
 
As the deforming material enters the die orifice, it is restricted in both radial and hoop  
direction and it is thus subjected to intense tensile strain along the extrusion direction. The 
tensile strain in the low extrusion ratio rod varies between 0.75 and 2.0. The higher extrusion 
ratio used in the HER case lead to higher material velocities near the die entrance, higher  
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strain rates and thus higher tensile strains that reach the 2.25/2.75. The corresponding value for 
the FD tube case is slightly increased to 2.50/3.0. This is attributed to the different material  
flow occurring during the tube extrusion and the high friction between the flowing material  
and the moving stem. The die geometry seems to have a strong effect on the strain profile, since 
the stain value along the extrusion direction of the CD tube does not exceed the 1.5/2.25. 
     
Shear Strain (ZX) 
 
The shearing of the billet material along the DMZ face is extremely important in both the 
microstructure and texture development during extrusion. In all cases the developed along the 
DMZ-billet interface shear strain ranged between 1.25 and 1.75. The maximum shear strain is 
observed in the flat and conical die tube extrusion cases where the maximum shear varies 
between 1.0/1.75. The corresponding values for LER and HER rods are 0.5/1.25 and  
0.5/1.5. The relatively uniform value means that although the shear strain is affected by the 
extrusion conditions, it is mainly related to the material constitutive behaviour. The shear strain 
in the extrusion products is -0.75/0.25 in the LER and HER rods, -0.5/0.5 in the FD tube and 
0.0/0.25 for the CD tube respectively.   
 
Strain Rate 
 
High strain rates can only be seen near the die entrance area, with the maximum values 
developed in the material that is in contact with the die radius. Both the main body of the 
deforming billet and the extrusion products exhibit minimal strain rate values. The maximum 
strain rates achieved where in the FD tube (9 s-1), CD tube (5.5 s-1), HER rod (5 s-1) and  
LER rod (4 s-1) cases respectively. This is in correspondence with the high shear strain  
values and the high material velocity that both the FD tube and HER rod cases exhibit. A 
comparison between the FD and the CD tube extrusion cases shows that the die shape and  
also the die entrance radius have also a very strong effect on the strain rates obtained. 
  
 
6.3  Material Flow analysis 
 
The CP Mg extrusions were conducted under slightly different temperatures. The LER rod 
extrusion was carried at 550°C. The distortion of the marking grid nevertheless was  
extensive and thus the HER rod extrusion was conducted at 500°C in an attempt to  
minimize the effect. The issue persisted and thus the billets used in FD and CD tube  
extrusion trials were only heated to 450°C and 400°C, respectively. All the other  
parameters (tooling temperature, friction coefficients) were kept constant. In each extrusion trial 
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apart from the temperature only one parameter changed, in order to make its effect  
more evident. Figure 6-3 illustrates the deformed marking grid engraved on the  
semi-extruded billet and the corresponding data obtained from the Forge®2008 simulations.  
 
 
 
Figure 6-3  Comparison of the experimental and the simulated extrusion grid machined on the 
billet cross-section prior extrusion in order to identify the material flow pattern.  
 
In both rod extrusion cases a funnel is evident near the die entrance that extends backwards 
toward the back end of the billet. The funnel is formed because the material does not flow with 
the same speed along its cross-section. The flow near the centre of the billet is fast since there is 
nothing to restrict it. As we move towards the container the material flows slower and slower 
until we reach the dead metal zone where the material is totally static, because of the sticking 
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friction developed along the container-billet interface. From examining the horizontal lines of 
the grid it is apparent that the material flows faster in the HER rod case than in the LER rod 
case, which is supported by the simulation data. The dead metal zone, as measured by the angle, 
is slightly more extended in the HER rod extrusion mainly because of the wider die shoulder. 
  
The profile of the FD and CD tube semi-extruded billets shows that in both cases the material  
in the centre of the billet is pushed forward almost as a uniform body, with relatively slow 
speed, since the horizontal lines are only slightly bend downwards. The horizontal grid lines  
are not discernible in the extrudates because of the high temperature-stress condition  
developed during the process. No extensive funnel is evident in these cases, but only a very 
narrow one just before the die entrance.  
 
In all cases the flow is relatively smooth as seen from the nearly parallel vertical grid lines, with 
the only exception being the shear zone. As the material flows along the container wall there is a 
point that reaches the upper side of the dead metal zone. The material is at that point prohibited 
from continuing its forward flow, but is forced to enter the shear zone. This makes the vertical 
marking grid lines difficult to discern. The shape of the conical die does not lead to the 
formation of a dead metal zone and thus the flow in that case is very smooth.    
 
Good fit was achieved between the simulations and the marking grid on the partially-extruded 
billets for both FD and CD tube extrusions. Even though the general flow behaviour of the 
deforming material was successfully predicted for LER and HER rod cases, the characteristic  
V shape of the marking grid in the centre of the billet, Figure 6-3(a and c), was not reproduced.  
 
 
6.4  Metallography 
 
The microstructure of the partially-extruded billets all along their cross-section  
(in the dead metal zone, the shear zone and the central part of the deforming billet) and of the 
extrudate (in both their outer and inner surfaces, and centre for the rod cases) are shown in 
Figure 6-4 to Figure 6-7. The extrusions were conducted at slightly different temperatures. 
  
The LER rod extrusion was carried at 550°C, the HER rod extrusion at 500°C, while the billets 
used in the FD and CD tube extrusion trials were only heated to 400°C and 350°C respectively. 
The different billet temperature is reflected in differences in the extent of recrystallization that is 
apparent in all extrusion cases. Different cooling rates during extrusion and different adiabatic 
heating, due to different geometry must also be taken in account. It has to be mentioned that in 
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all extrusion cases the material deformed in the same allotropic form, since commercial pure 
magnesium does not undergo any transformation in that temperature range, and it was water 
quenched after extrusion. In order to identify any microstructural differences between the 
different extrusion cases and to understand the effect of each of the examined extrusion 
parameters, the analysis given is based on the area of interest and not on the extrusion type. 
 
Dead Metal Zone 
 
In all four cases the material in the DMZ area exhibits a deformed equiaxed microstructure. The 
grain size is very coarse for both rod extrusion cases and finer for the tube extrusions.  
The microstructure in LER and HER rods is pancaked along the extrusion direction and 
elongated along the radial and mainly the hoop direction, with an average grain size of 77 µm 
along the extrusion direction, 98 µm along the radial direction and 123 µm along the hoop 
direction in the first case (Figure 6-4(a1/b1)) and 80 µm, 106 µm and 157 µm respectively in the 
latter (Figure 6-5(a1/b1)). It has to be mentioned that in the DMZ area the overall mean grain 
size is slightly coarser for the HER rod case (113 ± 6 µm) than in the LER rod case (99 ± 4µm). 
The difference is small and is attributed to in-homogeneity of the starting material. In both  tube 
extrusion cases the grain size is smaller than in rod cases, with the mean grain size in the  
CD tube case being 65 ± 7 µm and of FD tube 43 ± 2 µm. Grains in the CD tube sample appear 
also compressed along both the extrusion and the radial direction and elongated along the hoop 
direction, with a mean size of 43 µm along the extrusion direction, 58 µm along the radial 
direction and 100 µm along the hoop direction (Figure 6-7(a1/b1)). The corresponding values for 
the FD tube case are 47 µm along the extrusion direction, 41 µm along the radial direction  
and 41 µm along the hoop direction, giving to the FD tube sample a relatively equiaxed 
microstructure (Figure 6-6(a1/b1)). As seen in Figure 6-7(b1), the microstructure of the CD tube 
extrusion sample is not homogenous since large individual grains, considerably coarser than the 
matrix can be seen. Considerably twinning is visible in all DMZ samples along the radial-hoop 
direction plane, Figure 6-4 to 6-Figure 6-7(b1). Very intense twinning is also observed in the  
CD sample along the extrusion-radial plane, indicating intense deformation (Figure 6-7(b1)).       
 
Shear Zone 
 
Evidence of the effect of the strain developed along the shear plane can only be seen in the  
FD tube in Figure 6-6(a2) and the LER rod case, Figure 6-4(a2). Even in these cases the grains 
are not very strongly aligned along the shear plane since the mean size of the FD grains  
is 40 µm along the extrusion direction, 37 µm along the radial direction and 44 µm along the 
hoop direction, and thus are nearly equiaxed, Figure 6-6(a2/b2).  
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Figure 6-4  Light micrographs illustrating the microstructures developed during the extrusion of a 
CP Mg rod under low extrusion ratio (LER); a1) and b1) Dead metal zone along the extrusion and 
radial direction respectively, a2) and b2) Shear zone along the extrusion and radial direction 
respectively, a3) and b3) Central zone along the extrusion and radial direction respectively, c1)  
and d1) Outer surface of the rod along the extrusion and radial direction respectively, c2) and d2) 
Central part of the rod along the extrusion and radial direction respectively. 
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Figure 6-5  Light micrographs illustrating the microstructures developed during the extrusion of a 
CP Mg rod under high extrusion ratio (HER); a1) and b1) Dead metal zone along the extrusion and 
radial direction respectively, a2) and b2) Shear zone along the extrusion and radial direction 
respectively, a3) and b3) Central zone along the extrusion and radial direction respectively, c1)  
and d1) Outer surface of the rod along the extrusion and radial direction respectively, c2) and d2) 
Central part of the rod along the extrusion and radial direction respectively. 
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Figure 6-6  Light micrographs illustrating the microstructures developed during the extrusion of a 
CP Mg tube through a flat faced die (FD); a1) and b1) Dead metal zone along the extrusion and 
radial direction respectively, a2) and b2) Shear zone along the extrusion and radial direction 
respectively, a3) and b3) Central zone along the extrusion and radial direction respectively, c1)  
and d1) Outer surface of the tube along the extrusion and radial direction respectively, c2) and d2) 
Inner surface of the tube along the extrusion and radial direction respectively. 
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Figure 6-7  Light micrographs illustrating the microstructures developed during the extrusion of a 
CP Mg tube through a conical die (CD); a1) and b1) Dead metal zone along the extrusion and radial 
direction respectively, a2) and b2) Shear zone along the extrusion and radial direction respectively, 
a3) and b3) Central zone along the extrusion and radial direction respectively, c1) and d1) Outer 
surface of the tube along the extrusion and radial direction respectively, c2) and d2) Inner surface of 
the tube along the extrusion and radial direction respectively. 
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The corresponding values of the LER rod grains are 91 µm along the extrusion direction, 78 µm 
along the radial direction and 83 µm along the hoop direction (Figure 6-4(a2/b2)). The grain size 
of the CD tube sample is slightly elongated along the hoop direction (34 µm along the extrusion 
direction, 36 µm along the radial direction and 48 µm along the hoop direction), Figure 
6-7(a2/b2), while the HER rod sample is equiaxed (47 µm along the extrusion direction, 48 µm 
along the radial direction and 47 µm along the hoop direction) (Figure 6-5(a2/b2). The LER rod 
sample exhibits a coarse fully recrystallized microstructure (82 ± 3 µm). In the other three cases 
the recrystallization does not seems to be complete and the mean grain size is 46 ± 1 µm, 40 ± 1 
µm and 38 ± 1 µm for the HER rod, FD tube and CD tube respectively. From the comparison of 
the mean grain size values in the shear zone with those in the DMZ zone becomes apparent that 
the microstructure does not change radically, apart from the HER rod case where the 
microstructure in the shear zone is less than the 50% of the corresponding in the DMZ area.   
 
Central Billet Zone 
 
The low strains in the central area of the deforming billets result into a nearly free flow of the 
material and thus to a relatively coarse microstructure with no particular orientation for both low 
and high extrusion ratio rod cases. The mean grain size of the LER rod sample is 75 µm along 
the extrusion direction, 83 µm along the radial direction and 89 µm along the hoop direction 
(Figure 6-4(a3/b3)), and 47 µm, 52 µm and 73 µm for the HER rod case (Figure 6-5(a3/b3)). Thus 
the grains are slightly pancaked along the radial direction and elongated along the hoop 
direction. The effect is more apparent in the high extrusion ratio case since the die orifice in that 
case is smaller and thus more material is forced to flow from the outer layers towards the centre 
of the billet, giving rise to higher strains along the radial direction. The use of a rigid stem 
during the extrusion of tubes leads to the development of even higher strains along the radial 
direction. As a result the developed microstructure in both FD and CD tube cases is 
considerable finer, pancaked along the radial direction and elongated along the extrusion 
direction. The mean grain size during the FD tube extrusion measures to 41 µm along the 
extrusion direction, 34 µm along the radial direction and 37 µm along the hoop direction, Figure 
6-6(a3/b3). The microstructure developed during the tube extrusion through a conical faced die is 
not as fine as in the FD case, as expected. The mean grain size measures 66 µm along the 
extrusion direction, 59 µm along the radial direction and 55 µm along the hoop direction, Figure 
6-7(a3/b3). Some very large retained grains are evident in both extrusion-radial and radial-hoop 
planes, Figure 6-7(a3/b3). The LER rod sample exhibits the coarser mean grain size, 83 ± 4 µm, 
followed by the CD tube and the HER rod with 59 ± 3 µm and 56 ± 3 µm respectively. The FD 
tube specimen has a considerable finer microstructure with an average grain size of 36 ± 1 µm.  
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Inner Surface 
 
Figure 6-4(c2/d2) and Figure 6-5(c2/d2) show that both rods exhibit large retained grains 
surrounded by finer equiaxed recrystallized grains. The mean grain value is 62 µm along the 
extrusion direction, 71 µm along the radial direction and 89 µm along the hoop direction for the 
LER rod (Figure 6-4(c2/d2)) and 55 µm, 74 µm and 110 µm for the HER rod respectively 
(Figure 6-5(c2/d2)). It worth to be mentioned that in both samples the grains appear compressed 
along the extrusion direction and elongated along the radial and even more along the hoop 
direction. The overall mean grain size of the LER rod near its centre is 73 ± 4 µm, while of HER 
rod is 78 ± 6 µm. The microstructure of FD and CD tubes is considerably finer, with an average 
grain size of 27 ± 1 µm for the first and 32 ± 1 µm for the latter. Both cases are characterized by 
fine equiaxed grains measuring 31 µm along the extrusion direction, 24 µm along the radial 
direction and 31 µm along the hoop direction for the FD tube (Figure 6-6(c2/d2)), and 33 µm,  
29 µm and 35 µm for the CD tube respectively (Figure 6-7(c2/d2)). Twinning is observed in the 
higher strain case of FD tube, Figure 6-6(d2), while no such evidence can be seen in the  
CD case, Figure 6-7(c2/d2). It is possible that twinning occurred on cool-down, due to 
(constrained) anisotropic thermal expansion.    
  
Outer Surface 
 
The LER rod outer layer is characterized by large grains, slightly compressed along the radial 
direction and elongated along the extrusion direction, as seen in Figure 6-4(c1/d1). The average 
grain size is 76 µm along the extrusion direction, 60 µm along the radial direction and 72 µm 
along the hoop direction, while the overall mean average grain size is 67 ± 3 µm. The HER rod 
sample consists of nearly equiaxed grains, measuring 48 µm along the extrusion direction,  
51 µm along the radial direction and 39 µm along the hoop direction. The overall mean average 
grain size is 48 ± 5 µm (Figure 6-5(c1/d1)). Considerable twinning is evident along the  
radial-hoop plane, near the cold edge of the rod. Very intense twinning can also be seen in the 
FD tube specimen, in both extrusion-radial and radial-hoop planes. Both tubes possess nearly 
equiaxed microstructure, with a mean size of 29 ± 1 µm and 28 ± 1 µm for the FD and  
CD tube respectively. The FD tube microstructure is slightly more elongated along the  
extrusion direction than this of CD case, with a mean grain size measuring 39 µm along  
the extrusion direction, 24 µm along the radial direction and 29 µm along the hoop direction 
(Figure 6-6(c1/d1)). The average CD tube grain measures, 32 µm along the extrusion direction, 
26 µm along the radial direction and 31 µm along the hoop direction (Figure 6-7(c1/d1). 
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6.5  Texture 
 
Texture measurements had been carried out in the two areas of major interest; the maximum 
shear zone in the deforming billet and in the extrusion product and the results are illustrated in 
Figure 6-8 and Figure 6-9. 
.   
 
 
Figure 6-8  Pole figures showing the , ,  and  poles of the CP Mg 
extrusions, on the maximum shear zone.  
 
Figure 6-8 illustrates the texture developed along the maximum shear zone (as predicted form 
Forge®2008 simulation package) during the extrusion of CP Mg. The plane normal to the pole 
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figures corresponds to the shear plane, while the material flow direction along the shear zone 
and towards the die orifice is from top to bottom, as stated. 
 
It is apparent from Figure 6-8 that all four cases exhibit a similar texture, indicating that the 
developed texture might be recrystallization and not deformation texture. If the latter was the 
case the effect of one or more of the examined parameters should have provoked a smaller or 
bigger variation in the constructed pole figures.  
 
All extrusion cases developed a strong 0002 texture. The FD tube sample exhibits the 
maximum value and has the majority of its 0002 plane normals nearly parallel to the pole 
figure axis. This indicates that the basal planes tend to preferentially align parallel to the shear 
plane. The intensity of the CD tube 0002 texture is slightly weaker, but is still very strong. 
The difference between the CD and FD cases is that apart from the main texture component 
along the pole axis, there are also secondary peaks rotated 20-30° towards the hoop direction. 
The 0002 texture intensity decreases as we move to HER and then to LER rod specimen 
respectively. In both these cases only a small number of basal plane normals aligned parallel to 
the pole figure axis. On the contrary, they are rotated 20-30° towards the hoop direction. It 
seems that the 0002 plane normals in HER rod specimen tend to inclined towards the hoop 
direction, while those in LER rod sample towards the shear direction.    
 
It derives then that an increasing number of crystals rotate so that their basal planes lie parallel 
to the shear plane as the extrusion ratio and shear strain increase. As the extrusion ratio and 
shear strain decrease, the crystals become less strongly aligned and appear more scattered, 
rotated mainly towards the hoop direction, while a smaller number of them incline towards the 
shear direction. The 0002 texture is commonly observed in magnesium, in both rolling and 
extrusion [1], and is indicative of slip being the main deformation mechanisms. 
 
The 112
0 texture is not as strong as the basal 0002, since in no case the maxima exceeds 
the three times random. All specimens exhibit a medium intensity peak along the pole figure 
axis. This component is stronger in the LER rod sample and gets weaker as we move to the 
HER rod, CD tube and FD tube cases, respectively. Two peaks of moderate intensity are 
observed in the LER rod pole figure, rotated 60-70° from the pole axis and towards the hoop 
direction. Two secondary texture components are also observed in the HER rod and CD tube 
pole figures, inclined 90° towards the material flow direction. A similar component also exists 
in the LER pole, but is very weak. The FD tube specimen however does not follow this trend. In 
that case, the 112
0 plane normals are rotated 90° from the pole figure axis towards the shear 
plane and form a ring around it.  
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The 101
1 and 101
2 pole figures exhibit an overall weaker texture, since their maxima do 
not exceed the 1.5-2.0 times random out of a scale of 9.0 times random. All the 101
2 pole 
figures are characterized by two moderate intensity peaks, inclined 40-50° towards the shear 
plane and in alignment to the material flow direction. The tube extrusion textures are in general 
slightly stronger than those of the rods. 
 
No profound orientation can be identified in the 101
1 pole figures, apart from the LER case. 
Two low intensity components rotated 90° from the pole axis, along the maximum shear plane 
and parallel to the hoop direction. 
 
Figure 6-9 illustrates the texture developed in the CP Mg extrudates. The plane normal to the 
pole figures corresponds to the radial direction, while the extrusion direction is from top to 
bottom. The overall texture developed shows a strong resemblance to the texture developed in 
the shear zone (Figure 6-8).  
 
As with the maximum shear zone specimens, the extrudates developed a major  
0002 and a secondary 112
0 texture in the radial direction. The FD tube sample exhibits the 
strongest 0002 texture with its maxima nearly parallel to the pole figure axis. That means that 
the majority of the basal planes of the FD tube are preferentially aligned parallel to the hoop 
direction of the tube, with the c axis of the crystals parallel to the radial direction. The CD tube 
0002 texture is slightly weaker than the corresponding of the FD tube. The basal plane 
normals are not that sharply aligned along the pole figure axis, but appear slightly scattered 
towards the extrusion direction. Both rods developed a weaker texture than the tubes. In both 
rod cases no peak is found along the axis of the 0002 pole. In LER rod, a number of basal 
plane normals rotated towards the extrusion direction and form a 60° funnel with the hoop 
direction. In HER rod, the majority of the basal plane normals are located in four peaks 
symmetrically inclined 20-30° around the pole axis. Four other secondary peaks can be found 
even further inclined towards the extrusion direction. An even smaller fraction of normals 
inclined 90°C from the pole axis and towards the extrusion direction.  
 
 The overall 112
0 texture is not as strong as the 0002, with the maximum intensity no 
higher than three times random out of a scale of nine times random. In all cases a medium 
intensity component is observed along the pole figure axis. This component is relatively strong 
in the rods, but becomes considerably weaker in the tubes. Two peaks of moderate intensity are 
observed in the HER rod, rotated 55-65° from the 112
0 pole figure axis and towards the hoop 
direction. There are four corresponding secondary prismatic 112
0 peaks observed in LER 
rod; two inclined 60-70° and other two 90° from the pole axis and towards the hoop direction. 
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The FD and CD tubes do not follow this trend. In both tube cases the 112
0 plane normals lie 
on the extrusion-hoop plane, 90° from the pole figure axis, forming a full ring around the pole. 
 
As seen in Figure 6-9, there in no profound orientation of neither the 101
1 nor the 101
2 
planes. In both poles the maximum intensity does not exceed the 1.5-2.0 times of random out of 
a scale of 9.0 times random. Two 101
2 peaks of moderate intensity, inclined 40-50° from the 
pole figure axis towards the extrusion direction characterize the FD tube, while four peaks of 
even lower intensity, rotated 25° towards the extrusion direction the CD tube. 
 
 
 
Figure 6-9  Pole figures showing the , ,  and  poles of the  
CP Mg extrudates. 
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6.6  Conclusions 
 
Rods and tubes of commercial pure magnesium were produced through direct, forward, hot 
extrusion. The effect of the extrusion process variables of extrusion ratio and the die geometry 
on the microstructure and texture of the extrudate were examined. Gridded extrusion billets 
were used to study the bulk flow of the material during extrusion. Microstructural investigations 
and texture analysis were conducted in both partially extruded billets and extrudate in order to 
identify the deformation that the material undergoes during the production process. The finite 
element deformation simulation package Forge®2008 was used to study the material flow and 
provide hot working information like the extrusion speed, temperature, strain and strain rate that 
would help the understanding of the deformation process and the production of the 
microstructure and texture experimentally observed. The following conclusions can be drawn.   
 
Material Flow 
 
The deformed patterns produced from both extruding a gridded billet and Forge®2008 indicate 
that the bulk flow of the material during extrusion is affected by all the examined factors. The 
different extrusion setup used in the production of rods and tubes has the strongest effect,  
while the geometry of the die and the extrusion ratio appears to affect the material flow less.  
 
Microstructural Observations 
 
From the microstructural analysis it is evident that both rods and tubes have undergone 
extensive recrystallization. Coarse α grains characterize the central part of both rods, while the 
microstructure is finer near their edges. The tubes show recovered α grains, considerably finer 
than the rods. Extensive twinning traces are evident in the outer layers of the FD tube, 
indicating high deformation. The microstructure is only slightly elongated along the extrusion 
direction. The commonly found in extrusions needle-form microstructure did not occur,  
due to recrystallization. In all cases the microstructure in the extrudate is finer than in the 
partially-extruded billet and especially in the dead metal zone.  
 
Texture   
 
The shear zone texture increase in strength as we move from LER rod to HER rod, CD tube  
and FD tube, respectively. The majority of the 0002 peaks are aligned parallel to the pole axis 
for the FD semi-extruded billet, while the CD tube specimen apart from the main 0002 
component exhibit a secondary set of peaks rotated 20-30° towards the hoop direction. In both 
HER and LER rod cases no peak is aligned along the pole axis and all peaks are rotated  
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20-30° towards the hoop direction. It appears then that an increasing number of crystals tend  
to rotate so that their basal planes lie parallel to the shear plane as the extrusion ratio, and the 
shear strain increases. As the extrusion ratio and the shear strain decreases the crystals become 
less strongly aligned and appear more scattered, rotated mainly towards the hoop direction, 
while a smaller number of them are inclined towards the shear direction. The 0002 texture 
indicates that the material deformed by slip. 
 
The texture developed in the extrudates is strongly related to the texture developed in the shear 
zone, with a main 0002 and a secondary 112
0 component. The intensity of the texture as in 
the shear zone decreases as we move from FD tube to CD tube, HER rod and LER rod 
respectively. The majority of the basal planes of the FD tube are preferentially aligned parallel 
to the hoop direction of the tube, with the c axis of the crystals parallel to the radial direction. In 
the CD tube the 0002 peaks are not completely concentrated along the pole axis but a small 
number of grains are slightly rotated towards the extrusion direction. The basal pole peaks of 
the LER rod are rotated towards the extrusion direction and form a 60° funnel with the hoop 
direction. In HER rod the majority of the basal pole normals are located in four peaks 
symmetrically inclined 20-30° around the pole axis, while four other secondary peaks are even 
further inclined towards the extrusion direction. An even smaller number are inclined 90° from 
the pole axis and towards the extrusion direction. 
 
It is clear from both microstructural and texture analysis that the billet pre-heat temperature has 
a dominant effect on the process, causing extensive recrystallization. This is supported by the 
data obtained from Forge®2008. Even if heat dissipation from the billet to the tooling is very 
high, the heat losses of the billet (as observed in the data obtained from Forge®2008) are not 
that extensive. This is because of the small temperature difference between the billet and  
the tooling. The effect of the cooler stem used during the tube production is evident but not  
as strong as in the high extrusion temperature cases of Zr-2.5Nb and CP Ti. A lower preheat 
temperature could be used in order to minimize recrystallization but that would not be enough  
to totally avoid the phenomenon, since CP Mg is very prone to it. Lower tooling temperature 
might ease the effect.  
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7.0   
Chapter 7 – Titanium 
 
7.1  Titanium Extrusion 
 
All CP Ti extrusions were conducted at starting temperatures above the β transus of the 
material. The billets were heated into an air circulation furnace at 1050°C for an hour and then 
placed into the preheated extrusion chamber. The extrusion matrix can be seen in Table 7-1. 
 
Extrusion Ratio Lubricant Die Temp 
LER - 3.27:1   
HER - 8.86:1 
FD - 8.85:1 
CD - 7.05:1 
Deltaglaze 350°C 
Billet Temp Extrusion Pad Temp 
1050°C 200°C 
Extrusion Speed Container Temp Stem Temp 
10 mm.s-1 350°C 200°C 
 
Table 7-1  CP Ti extrusion conditions matrix. 
 
7.2  Extrusion Simulation 
 
7.2.1 Input Data 
 
The values measured during the experimental trials were used as input data for the simulation of 
the CP Ti extrusions (Table 7-1). The rheological, thermal and friction data used for the 
extrusion simulation are given in Table 7-2. 
 
Properties CP Ti 
Density (kg.m-3) 4510 
Specific Heat (J.kg-1.°C-1) 667 
Thermal Conductivity (W.m-1.K-1) 21.4 
Heat Transfer Coefficient 
Billet-Tooling (W.m-2.K-1): 2000 
Heat Transfer Coefficient 
Billet-Air (W.m-2.K-1): 10 
Emissivity 0.395 
B 11601 
N 0.0 
K 0.002 
m 0.259 
Tresca Coefficient 0.25 
 
Table 7-2  Rheology and thermal data for CP Ti extrusion simulation. 
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7.2.2 Extrusion Load – Displacement Curves 
 
The extrusion load versus ram displacement curves for both experimental and simulation data 
are plotted in Figure 7-1. 
 
 
 
Figure 7-1  Extrusion load plotted versus ram displacement curves from experimental and 
simulation data; a) Low extrusion ratio (LER) CP Ti rod, b) High extrusion ratio (HER) CP Ti rod, 
c) Flat die (FD) CP Ti tube and d) Conical die (CD) CP Ti tube. 
 
In overview, it is apparent that a relatively good fit is achieved for all cases. Although several 
discrepancies can be noted, there is a good fit of the simulated data on the experimental on both 
breakthrough and the steady state extrusion load, which are the main areas of interest.  
 
A common point in all four extrusions and especially during the tube extrusion through a  
flat faced die is the discrepancy between the curves during the initial deformation of the billet  
Chapter 7 - Titanium 
 
 241
to fill the container. The simulation data exhibit a plateau for the first 5-6 mm for the rod  
and 9-10 mm for the tube extrusion cases, after which the extrusion load increases gradually  
to reach the breakthrough point. This plateau is not observed in the experimental curves,  
where the extrusion load shows a more sharp increase from zero to the value of breakthrough 
load. This is attributed to the eccentric placement of the extrusion billet in the container  
during the extrusions.  
 
In the simulation, the billet is aligned perfectly in the centre of the container leaving a uniform 
annulus between the outer surface of the billet and the container liner. As the ram proceeds there 
is a point that it comes in contact with the upper side of the billet. From that point the billet 
starts to deform. Because of the annulus between the billet and the container liner the material is 
restricted only along the extrusion axis, while it can deform freely along the radial direction. 
The first small increase of the extrusion load before the first plateau is reached is attributed to 
the start of the deformation of the billet, while the plateau is attributed to the free deformation of 
the billet until it comes in contact with the container. From that point, the load increases rapidly 
as the material fills the container up to the breakthrough point, where it is forced to flow 
through the die orifice. It is believed that as the billet was placed in the extrusion chamber it was 
not in the exact centre of it, but in contact with one of the side walls of the container. As long as 
the ram came in contact with the billet, the material was forced to deform while it was in contact 
to the chamber. Consequently no “free” deformation step took place.  
 
Two plateaus instead of one are observed in the simulated extrusion load-displacement curve of 
the conical die (CD) tube. The first plateau is attributed to the free deformation of the billet to 
the point it comes in contact with the container, similar to the previous extrusion cases. 
Afterwards, the load increases rapidly as the lower part of the billet deforms to fill the conical 
die cavity. The second plateau that covers the 11-16 mm range corresponds to the flow of the 
billet material along the conical die surface towards the die orifice. As long as the billet fills the 
whole extrusion chamber (container and die cavity) the extrusion load increases further to the 
breakthrough point where the material is forced to flow through the die orifice.  
 
The experimental curve however does not exhibit this two step deformation mode. After the 
first plateau, the extrusion load increases rapidly up to the breakthrough point in a single step. 
This discrepancy is also attributed to the non uniform deformation that characterizes the actual 
extrusion trials. It is believed that a small relative movement between the two halves of the 
billet took place during the placement of the material in the extrusion chamber and during the 
first deformation steps of the billet. This means that there was a point that as the one half of the 
billet was still bulging and filling the container the other half was already in contact with the 
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container and was deforming in order to fill the conical die face. Since the two deformation 
steps took place concurrently instead of the ideal sequential fashion, the load curve reflects both 
modes at the same time. 
 
The breakthrough point was also simulated with good accuracy and a nearly perfect fit between 
the experimental and the simulated values for both rod and tube extrusion cases were achieved. 
The predicted steady state extrusion load values are regarded as adequate too, with the predicted 
extrusion load in the steady state being a close mach to the load developed during the extrusion 
trials. The simulated extrusion load curves of the flat (FD) and conical die (CD) tubes appear 
noisy, although they follow the experimental curve trend. The high deformation occurring 
during tube extrusion leads to high distortion of the billet mesh and thus to constant re-meshing. 
The more often the re-meshing, the more “noisy” the data obtained from the model are. 
  
The trend of the simulated and the experimental data curves is close and a relatively good fit 
was achieved for both points of interest (breakthrough point and steady state area). However, it 
should be mentioned that the non-uniform frictional and thermal conditions occurring during 
extrusion might have an effect on the model output. While the model assumes uniform frictional 
conditions and constant thermal exchange between the billet and the tooling this is not the case 
in practice. It is believed that as extrusion proceeds, the Deltaglaze that was used as lubricant 
does not flow uniformly along the billet and tooling interface. Possible thinning or thickening of 
the glass layer would topically alter the thermal exchange between the two components, while 
any possible discontinuities of the lubricant layer would considerably increase the friction and 
thus the extrusion load. Since the reason of this problem is an inherent incapability of the 
software to incorporate random phenomena like the non-uniform friction conditions along 
extrusion steps it can not be overcome. Nevertheless, being aware and taking this fact in account 
when setting a simulation, we can obtain acceptable results.    
 
7.2.3 Displacement, velocity, temperature, strain and strain rate contour maps 
 
In Figure 7-2 a number of different parameters obtained from Forge®2008 are presented. 
Initially a description of each parameter is given for all the extrusion trials to highlight how the 
examined factors (extrusion ratio and die shape) affect them. Later in this chapter the combined 
effect of all the parameters is discussed for different extrusions to correlate and explain the 
microstructure and texture obtained. 
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Figure 7-2  Forge®2008 contour maps for low (LER) and high (HER) extrusion ratio rods  
and tubes extruded through flat (FD) and conical (CD) die; a) displacement (mm), b) material 
velocity (mm.s-1), c) temperature (°C), d) strain along the XX axis, e) strain along the YY axis,  
f) strain along the ZZ axis, g) strain along the ZX axis, h) strain rate (s-1). 
 
Displacement 
 
The displacement and material velocity maps are significant tools for understanding the material 
flow and the formation of the dead metal zone (DMZ). In Figure 7-2(a) and Figure 7-2(b) it can 
be seen that the static zone (0-10 mm.s-1) is considerably more extensive in the rod cases than it 
is in the tube cases, because of the width of the die shoulder. The high extrusion ratio (HER) rod 
exhibits a more extensive static zone than the low extrusion ratio (LER) rod, since the die 
entrance is larger in the latter case. From both the displacement and the velocity profile maps of 
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the FD tube it is clear that the considerably narrower die shoulder (compared to the HER rod 
case) is the dominant factor for the formation of the DMZ, since both extrusions were 
conducted under the same extrusion ratio (8.86:1 for HER rod and 8.85:1 for FD tube), 
temperature and friction conditions. A very restricted DMZ was formed in the CD tube 
extrusion. The conical shape of the die promotes higher material speed and thus the material in 
the container-die corner forms a slow moving zone and not a static zone. 
 
Velocity 
 
The material velocity appears strongly influenced by both the geometry of the extrusion system 
(die orifice and shape) and the extrusion ratio. The material velocity near the die entrance is in 
the 17-24 mm.s-1 range for the CD tube case, increases to the 2-59 mm.s-1 for the LER rod,  
67-70 mm.s-1 for the HER rod and reaches a maximum of 96-98 mm.s-1 for the FD tube case. 
The material speed near the die exit follows the exact same order. The lowest speed is identified 
for the CD tube extrusion and varies in the 18-21 mm.s-1 range. The corresponding values for 
the LER rod are 30-34 mm.s-1. However, it is worth noting that these values are only observed 
near the centre of the rod, while the material speed decreases as we move towards the die 
surface, where the material is nearly static. This is caused by the intense material velocity funnel 
created before the die entrance due to the extended DMZ. In the CD tube on the contrary, the 
velocity profile is smoother and the material in the tube has nearly a constant velocity along its 
cross-section.  The higher extrusion ratio (and thus the smaller diameter orifice) of HER rod 
case forces the material to flow with more than double speed, 65-70 mm.s-1, compared to the 
LER rod case. The different shape and the considerably smaller die orifice (because of the use 
of the stem) used in the FD tube extrusion increases even further the material velocity  
to 94 mm.s-1. The most definite factor of the material speed is the shape of the die, becoming 
evident when comparing the FD and CD tube extrusion simulations. The extrusion ratio seems 
to have a strong effect too, since a considerable velocity difference was observed between the 
FD and CD tube extrusions. The geometry of the extrusion press further influences the material 
velocity even for a given extrusion ratio as with the HER rod and the FD tube trials. 
 
Temperature 
 
From the temperature distribution maps presented in Figure 7-2(c), two observations can be 
made; the effect of strain rate and the effect of the different extrusion press setup between the 
rod and tube extrusion. The temperature ranges for different areas of interest, namely main body 
of the billet, die entrance and extrusion product as shown in Table 7-3. 
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Area LER HER FD CD 
 Temperature (°C) 
Main Body 922-1040 890-1030 850-950 842-928 
Die 899-1049 1009-1048 912-963 891-957 
Die Exit 921-1054 987-1053 900-945 860-917 
 
Table 7-3  Material temperature in the areas of interest of CP Ti extrusions.  
 
During rod extrusions the general temperature of the billet is slightly higher compared to those 
developed during tube extrusion. The cause is the cold stem used for the production of the 
tubes. The cold stem (200°C) seems to have a dominant effect on the temperature distribution of 
the billet. For the HER rod and the FD tube extrusions, extruded under the same extrusion ratio, 
there is an average 83°C difference in all the areas of interest. The effect of the extrusion ratio is 
also apparent when comparing the LER and HER rod simulations, with the first exhibiting an 
average 22°C lower average temperature than the latter. The billet temperature of the CD tube 
case is also 21°C lower than the one in the FD tube case, indicating less adiabatic heating and 
thus less deformation. In every case the lowest temperature is observed in the main body of  
the billet, especially close to the interface with the cold components (pressure pad and stem).  
A temperature rise occurs near the upper surface of the DMZ due to the deformation that takes 
place there. This rise is more intense during the FD tube and HER rod extrusions, where the 
shear is more intense. A further increase in temperature occurs as the material deforms further, 
being forced to flow along the DMZ and through the die orifice. 
 
Strain 
 
Strain profile maps along the extrusion (ZZ axis), radial (XX axis) and hoop axis (YY axis), can 
be seen in Figure 7-2(d-f). The shear stain (ZX axis) can be found in Figure 7-2(g). The strain 
values in each area of interest; main body of the billet, die entrance and extrusion product, can 
be seen in Table 7-4.     
 
Area LER HER FD CD 
Radial Direction (XX axis) 
Main Body -0.63 / 0.34 -0.69 / 0.33 -0.29 / 0.33 -0.85 / 0.47 
Die Entrance 1.1 / 0.2 -0.99 / 1.0 -0.91 / -1.0 -1.36 / -0.4 
Die Exit -0.74 / 0.74 -0.95 / -0.97 -1.60 / -0.50 -1.35 / -0.84 
Hoop Direction (YY axis) 
Main Body -0.69 /  0.04 -0.74 / 0.04 -0.08 / 0.05 -0.15 / 0.03 
Die Entrance -0.83 / -0.19 -0.84 / -0.99 -0.38 / -0.15 -0.36 / -0.14 
Die Exit -0.53 / -0.17 -0.81 / -0.95 -0.42 / -0.17 -0.35 / -0.15 
Extrusion Direction (ZZ axis) 
Main Body -0.38 / 1.39 -0.35 / 1.46 -0.38 / 0.46 -0.57 / 0.54 
Die Entrance 0.15 / 1.66 1.64 / 2.23 1.47 / 1.85 1.0 / 1.61 
Die Exit 0.91 / 1.24 1.45 / 2.15 1.40 / 1.97 1.28 / 1.67 
Shear (ZX axis) 
Shear Zone 1.0 / 1.14 1.0 / 1.58 1.05 / 1.25 1.04 / 1.27 
 
Table 7-4  Strain ranges in the areas of interest of CP Ti extrusions.  
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Radial Strain (XX) 
 
As seen in Figure 7-2 and Table 7-4, only a minimal radial stress developed in the main body of 
the billet, for all extrusion cases. During the rod extrusion, both compressive and tensile strains 
develop in the main body of the billet. In both high and low extrusion ratio processes the 
material near the interface with the container seems to be forced towards the container liner 
wall, while the material near the core of the billet moves towards the centre of the billet. During 
the tube production the material is restricted centrally from the rigid stem and thus is being 
forced towards the container, resulting in a small positive radial strain. 
 
During the first steps of extrusion the material deforms to fill the container and a DMZ is 
formed. In later steps, the outer layer of the billet (near the container-billet interface) is pushed 
forward until it meets the DMZ. At that point the movement of the material is restricted by both 
the container and the static material of the DMZ, developing a considerable radial strain. The 
variation of radial strain in all cases is constrained in the range of 0.25-0.5, indicating that it is 
not related to the strain rate, the die shape or the extrusion mode (rod or tube extrusion). 
 
Considerably higher values are predicted for the die area. As the material is forced to flow 
through the die orifice, high compressive strains develop. A radial strain of -1.10/0.20 is 
observed in low extrusion ratio rod, while for the high extrusion ratio rod the strain varies 
between -0.97/-0.95. The equivalent radial strain in the relatively colder FD tube extrusion case 
is considerably higher than the one in the hotter high extrusion ratio rod, since it varies between 
–1.60/-0.5. This leads to the conclusion that it is not only the extrusion ratio and the decrease in 
the cross-section area from billet to extrudate that affects the developed radial strain. A slightly 
lower strain range is calculated for the tube extruded through a conical die, -1.35/-0.84. Thus  
the die shape seems to have minimal effect on the overall strain along the radial axis. 
  
Hoop Strain (YY) 
            
The strain along the hoop direction varies between -0.70/0.04 along the cross-section of the 
billet in both LER and HER rod cases. Slightly higher values where predicted for the die area, 
were the strain varied between -0.83/-0.19 in LER case and between -0.99/-0.84 in the HER rod 
case. The corresponding values for the FD and CD tubes are -0.42/-0.17 and -0.35/-0.15 
respectively. It is believed that higher extrusion ratios and high material speed can cause a  
non-steady material flow along the cross-section of the billet and might be related with the data 
obtained. An indication for this is the higher hoop strain measured in the HER rod than in the 
LER rod. The use of a stem during the tube extrusion seems to lower the hoop strain, by 
restricting the area of the flow and providing a faster but smoother flow of material through the 
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die orifice. This is apparent from the considerable higher hoop strain developed during the rod 
extrusions. In all cases the intensity is quite low and is believed that does not have a strong 
affect on the flow conditions. 
 
Extrusion Strain (ZZ) 
 
The strain along the extrusion direction is considerably stronger to that along the hoop and the 
radial directions. In both rod extrusion simulations a very extensive funnel formed before the 
die entrance and along the length of the billet, where high extrusion strain is observed. For the 
high extrusion ratio rod case the strain in the extrudate varies between 1.64/2.23, while for the 
low extrusion ratio rod is between 0.15/1.66. The use of a stem during the tube extrusion does 
not allow the formation of a deformation funnel similar to the one mentioned before. During 
tube production through a flat faced die this funnel is very small, while with a conical die it is 
not evident at all. However, the strain component along the extrusion direction around the  
die exit area is as strong as in the HER rod case, since it is between 1.40/1.97 for the FD tube 
and 1.28/1.67 for the CD tube. 
 
Shear Strain (ZX) 
 
The shear strain developed along the DMZ face is extremely important for understanding both 
the microstructure and texture developed in the extrudate. It is one of the main deformation 
steps that the material undergoes during extrusion and the source of redundant work in the 
process. It is believed that the billet material undergoes several deformation steps until reaching 
the die exit. As long as the material is in the main billet body it is mainly stressed along the 
radial and extrusion direction. Afterwards it is forced to shear (1st shear) along the DMZ-billet 
interface. When the material is adjacent the die orifice, undergoes intense shearing (2nd shear) 
and high tensile strain along the extrusion direction in order to enter the die. In the die, it is 
mainly compressed along the radial direction and pulled in tension along the extrusion direction.   
   
For both tube cases, the main shear strain (1st shear step) developed along the DMZ-billet 
interface and ranges between 1.04 and 1.27. A slightly higher value is observed for the HER rod 
extrusion case where the maximum shear reaches the 1.58, while the minimum shear  
is observed in the LER rod (1.00/1.14). Although the extrusion ratio seems to have an effect  
on the amount of shearing, this uniform value means that the shear strain is not strongly  
affected by the extrusion conditions but is more related to the materials constitutive behaviour.    
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Strain Rate 
 
High strain rates can be only seen in the die entrance area, with the maximum values developed 
in the material that is in contact with the curved part of the die. The main body of the deforming 
billet exhibit minimal strain rate values, similarly to the extrusion products. The maximum 
strain rates achieved were in the FD tube (15.3 s-1), HER rod (13.6 s-1), CD tube (11.6 s-1) and 
LER rod (9.4 s-1) cases respectively. This is in total correspondence to the high shear  
strain values and the high material velocity that as previously mentioned in this paragraph the 
FD tube and HER rod cases exhibit. A comparison between the FD and the CD tube  
extrusions shows that the geometry of the die and the die entrance radius also have a strong 
effect on the developed strain rates.  
 
 
7.3  Material Flow analysis 
 
The flow pattern that a material follows during extrusion is affected by a number of parameters. 
Thus all the extrusions were conducted at the same temperature, the tooling was maintained at 
the same temperature and the friction coefficients were kept constant. In each extrusion trial 
only one parameter was modified, in order to highlight its effect. Figure 7-3 illustrates the 
deformed marking grid engraved on the partially-extruded billets and the corresponding data 
obtained from Forge®2008 simulations.  
 
In both rod extrusion cases a funnel is evident near the die entrance that extends backwards, 
toward the back of the billet. The funnel is formed because the material does not flow with the 
same speed along its cross-section. The flow near the centre of the billet is fast since there is 
nothing to restrict it. As we move towards the container, the material flows slower and slower 
until we reach the dead metal zone where the material is totally static, because of the friction 
developed along the container-billet interface. From examining the horizontal lines of the grid it 
becomes apparent that the material flows faster in the HER rod case (only one horizontal line is 
evident in the semi-extruded billet) than the LER (where three horizontal lines can be seen), 
which is supported from the simulation data. The dead metal zone, as measured by the angle, is 
slightly more extended in the HER rod extrusion mainly because of the wider die shoulder.  
 
The profile of the FD and CD tube partially-extruded billets shows that in both cases the 
material in the centre of the billet is pushed forward almost as a uniform body with relatively 
slow speed, since the horizontal lines are only slightly bend downwards. The horizontal grid 
lines are not discernible in the extrudate due to high temperature-stress developed during the 
process. No extensive funnel is evident in these cases but a very narrow before the die entrance. 
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Figure 7-3  Comparison of the experimental and the simulated extrusion grid machined on the 
billet cross-section prior extrusion, in order to identify the material flow pattern.  
 
The flow is relatively smooth as seen from the nearly parallel vertical grid lines, with the only 
exception being the upper edge of the shear zone. As the material flows along the container wall 
there is a point that reaches the upper side of the DMZ. The material is at that point blocked and 
bulges as it enters the shear zone. The phenomenon is observed in both LER and HER rod, but 
becomes more apparent in the FD tube case. In this case the bulging is very intense and the 
material that used to be near the container surface bulged nearly along the one third of the shear 
zone. The shape of the conical die does not lead to the formation of a DMZ, thus the flow in that 
case is very smooth.    
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7.4  Metallography 
 
The microstructure of the partially-extruded billets was examined along their cross-sections  
in the dead metal zone, the shear zone and the central part of the deforming billet. 
Microstructural analysis was also conducted in the two main areas of the extrusion product; near 
their outer surface and their inner surface (or centre for the rod cases). All the extrusions were 
conducted at the same nominal temperature. Any temperature differences resulted from  
different cooling rates during extrusion and different adiabatic heating, due to differences in 
geometry. In all cases the material deformed in pure β, or locally high in the α+β phase field  
and were water quenched after extrusion. As a result, different extrusion specimens  
from corresponding locations exhibit similar microstructures. In order to identify any 
microstructural differences between different extrusion cases and understand the effect of the 
examined extrusion parameters the analysis is organized by area of interest and not by sample. 
 
Dead Metal Zone 
 
The material in the DMZ exhibits a Widmanstätten α microstructure. In all four cases the grain 
size is very coarse but there is a difference, mainly between the rod and the tube cases. The 
microstructure in both LER and HER rods is nearly equiaxed, while in the tubes the α plates 
appear compressed along both the extrusion and the radial direction and slightly elongated along 
the hoop direction. The fact that the α plates developed in the DMZ during the rod extrusion 
cases are equiaxed, while in the tube cases deformed, indicates that the material in the first case 
was deformed in the β phase, while in the latter in the α or α+β phase. The higher compressive 
strains along the extrusion and radial direction during the FD tube extrusion developed a  
more pancaked shape when compared to the CD tube (Figure 7-6(b1) and Figure 7-7(b1)). 
 
Shear Zone 
 
The intense strain along the shear plane forced the grains to shear and elongate along the 
flowing material-DMZ interface. The difference between the DMZ and the shear zone is very 
intense, as shown in Figure 7-5(a2) that was taken to illustrate this abrupt transition. The more 
intense the shear, the finer the developed microstructure is. A preferred orientation along the 
hoop direction is observed in all specimens and more clearly in Figure 7-7(b2), probably due to 
the considerable radial strain. HER rod exhibits a complete recrystallized microstructure, while 
some deformed grains that have not recrystallized were observed in the LER rod specimen. The 
partial recrystallization of the LER rod is a result of the lower strain and temperature that 
characterize this case. In FD tube case much of the sample area is un-recrystallized. Even less 
recrystallization occurred in the CD tube because of the lower strain conditions. 
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Figure 7-4  Light micrographs illustrating the microstructures developed during the extrusion of a 
CP Ti rod under low extrusion ratio (LER); a1) and b1) Dead metal zone along the extrusion and 
radial direction respectively, a2) and b2) Shear zone along the extrusion and radial direction 
respectively, a3) and b3) Central zone along the extrusion and radial direction respectively, c1)  
and d1) Outer surface of the rod along the extrusion and radial direction respectively, c2) and d2) 
Central part of the rod along the extrusion and radial direction respectively. 
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Figure 7-5  Light micrographs illustrating the microstructures developed during the extrusion of a 
CP Ti rod under high extrusion ratio (HER); a1) and b1) Dead metal zone along the extrusion and 
radial direction respectively, a2) and b2) Shear zone along the extrusion and radial direction 
respectively, a3) and b3) Central zone along the extrusion and radial direction respectively, c1)  
and d1) Outer surface of the rod along the extrusion and radial direction respectively, c2) and d2) 
Central part of the rod along the extrusion and radial direction respectively. 
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Figure 7-6  Light micrographs illustrating the microstructures developed during the extrusion of a 
CP Ti tube through a flat faced die (FD); a1) and b1) Dead metal zone along the extrusion and 
radial direction respectively, a2) and b2) Shear zone along the extrusion and radial direction 
respectively, a3) and b3) Central zone along the extrusion and radial direction respectively, c1) and 
d1) Outer surface of the tube along the extrusion and radial direction respectively, c2) and  
d2) Central zone of the tube along the extrusion and radial direction respectively, c3) and d3) Inner 
surface of the tube along the extrusion and radial direction respectively. 
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Figure 7-7  Light micrographs illustrating the microstructures developed during the extrusion of a 
CP Ti tube through a conical die (CD); a1) and b1) Dead metal zone along the extrusion and radial 
direction respectively, a2) and b2) Shear zone along the extrusion and radial direction respectively, 
a3) and b3) Central zone along the extrusion and radial direction respectively, c1) and d1) Outer 
surface of the tube along the extrusion and radial direction respectively, c2) and d2) Central zone of 
the tube along the extrusion and radial direction respectively, c3) and d3) Inner surface of the tube 
along the extrusion and radial direction respectively. 
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Central Billet Zone 
 
The flow of the material in the centre of a deforming billet during rod extrusion in nearly free, 
since both radial and hoop strains are very low. Even along the extrusion direction the strain is 
moderate, since the material is opposite the die orifice and hence there is nothing else than the 
shear strength of the material restricting it to flow. This results into the formation of coarse, 
nearly equiaxed Widmanstätten α plates in both low and high extrusion ratio cases. The use of a 
rigid stem during the extrusion of tubes leads to the development of higher strains along the 
radial direction. As a result, the developed microstructure for both FD and CD tube cases is 
considerably finer, pancaked along the radial direction and elongated along the hoop and 
especially along the extrusion direction, giving to the material the characteristic needle like 
form. The microstructure developed during the tube extrusion through a flat faced die is finer 
than the one produced when a conical die was used instead. Some large recovered α grains are 
evident in both tube extrusion cases, and especially on the radial-hoop plane (Figure 7-7(b3)). 
 
Inner Surface 
 
From a comparison of Figure 7-4(a3/b3) with Figure 7-4(c2/d2), and of Figure 7-5(a3/b3) with 
Figure 7-5(c2/d2) it becomes apparent that the microstructure of both rods near their centre is 
nearly identical to the one identified in the central part of the billet that they formed from.  
A colony α microstructure is observed, slightly elongated along the extrusion direction. The 
tube specimens exhibit large recovered α grains surrounded by finer α phase. The α grains are 
highly elongated along the extrusion direction, giving to the material a needle-like form 
microstructure. The microstructure is finer for the CD tube and slightly coarser for the FD tube. 
This is probably due to the higher temperature developed during the extrusion through the flat 
faced die. As seen in Figure 7-6(d2) and Figure 7-7(d2) there is a strong preferred orientation 
along the radial direction for both cases. The microstructure is pancaked along the radial 
direction and seems to tend to align along the hoop direction, following the curve of the tube. 
        
Outer Surface 
 
A common characteristic of all the extrusions is that their microstructure near the outer surface 
is considerably finer than near the inner, due to more rapid cooling. The effect is more  
striking in the rod cases, since there the change in the cooling rate is even more intense. Thus, 
both rods exhibit a heavily deformed microstructure, elongated along the extrusion direction. 
The microstructure of the tubes near their outer surface follows the same trend as the inner 
surface but is slightly finer.  
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7.5  Texture 
 
Texture measurements had been carried out in the two areas of major interest; the maximum 
shear zone in the deforming billet and the extrusion product. The pole figures constructed are 
shown in Figure 7-8 and Figure 7-9.   
  
 
 
Figure 7-8  Pole figures showing the ,  ,  and  poles of the CP Ti 
extrusions, on the maximum shear zone.  
 
Figure 7-8 shows the texture developed along the maximum shear zone (as predicted from 
Forge®2008 simulation package) during the extrusion of CP Ti. The plane normal to the pole 
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figures corresponds to the shear plane, while the material flow direction along the shear zone 
and towards the die orifice is from top to bottom. 
 
The first thing to notice in Figure 7-8 is that LER, HER and FD cases exhibit a similar  
texture, while CD is totally different, indicating the strong effect that the die shape had. 
  
The main fraction of basal plane normals in both the LER and HER rods and the FD tube are 
rotated along the material flow direction, while only a smaller fraction of them is found along 
the pole figure axis. Thus the majority of the basal 0002 planes are preferentially aligned 
normal to the flow direction, The intensity of the 0002 pole figures increases as we move 
from the LER to the HER rod, and then to the FD tube respectively. This indicates that as the 
extrusion ratio and thus the shear strain increase, a larger number of crystals with their basal 
planes parallel to the shear plane tend to rotate so that c axis lie on the shear plane and along the 
flow direction towards the die entrance. The CD tube pole figure exhibits a texture dissimilar 
from the rest. In that case the main fraction of 0002 plane normals is found along the pole 
figure axis, while other six strong texture components are located 25-30° around the pole axis 
and in 60° in between them. Very low intensity peaks can also be found aligned towards the 
material flow direction.    
 
A similar trend is also observed in the 1120 pole figures, with the LER rod, HER rod and FD 
tube developing the same texture type and the CD tube a slightly different one. All the 1120 
pole figures show maxima normal to the shear plane and along the axis of the pole figures. 
Secondary maxima are also observed in the hoop direction for the high extrusion ratio rod  
and 60° from the pole axis and towards the hoop direction in the LER rod and FD tube. Again, 
the CD tube extrusion has a much softer texture, due to the less intense shear conditions. 
  
The 1011  and 1012  poles exhibit an overall weaker texture, since their maximum 
intensities do not exceed the 1-1.5 times random out of a scale of 4.5 times random. The main 
fraction of the pyramidal 1011  plane normals form six symmetric peaks, 40-45° from  
the pole axis for the LER rod specimen and 40-50° for the HER rod specimen. The rest lie 
scattered on the maximum shear plane. In the tubes, instead of the six symmetric peaks only 
four were identified, oriented 90° the one to the other and all tilted 30° from the pole figure axis. 
The rest as in the rod cases lie on the maximum shear plane, with no profound orientation. 
  
In LER rod, HER rod and FD tube, the majority of the 1012 plane normals are rotated  
50° from the pole figure axis, towards the shear plane and along the material flow direction. In 
CD tube the main texture component are six low intensity peaks found symmetrically around 
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the pole axis. Both the 1011  and 1012  textures are considerably weaker than the 0002 
and 1120 and as it is often the case, the texture development can largely be understood in 
terms of these two components. 
 
In summary, the textures observed are those that one might expect for deformed α-titanium, 
with the c-axis found to be along the major shear direction and the texture strengths increasing 
with the amount of shear. The 1120 plane normals were usually located at or near to the hoop 
direction. No clear evidence (additional 0002 poles) of variant selection from the β phase  
is observed, which implies that the material in the shear zone was at temperatures below the 
pure β phase field, consistent with the model predictions. 
 
Figure 7-9 illustrates the texture developed in the CP Ti extrusion products. The plane  
normal to the pole figures corresponds to the radial direction, while the extrusion direction  
is from top to bottom. 
 
The first thing that has to be pointed out is the considerable difference in the texture strength 
between the LER rod and CD tube samples and the HER rod and FD tube, with the latter two 
having developed much stronger textures.  
 
The LER rod exhibits the less strong orientation than all the rest, with its maximum intensity not 
exceeding the 4.0 times random. The 0002 pole is characterized by a weak peak along the 
pole axis and by a number of even weaker peaks. The two of them are rotated towards the 
extrusion direction, while other six towards the hoop direction. Two of the maxima are of 
considerably higher intensity and are perfectly aligned with the hoop direction. The number of 
the 0002 poles suggests that as the material deformed in the β phase, the 110 planes  
were aligned parallel to the radial direction. As the material cooled down and the  
β → α transformation took place, the 110 planes aligned parallel to the 0002 planes. The 
majority of the 1120 plane normals were found 60° from the pole axis towards the extrusion 
direction, while a smaller fraction parallel to the extrusion direction. No profound orientation 
can be seen in the 1012  map, while only a weak component is evident along the 1011 axis.    
 
The CD tube specimen exhibits less extreme textures. A strong 1120 major component,  
with a set of secondary peaks aligned 60° towards the extrusion direction texture is  
evident. A moderate to strong 0002 texture is also observed. The basal 0002 pole  
figure shows a maxima 35-45° from the radial direction, with secondary maxima in the hoop 
direction. No profound orientation of the pyramidal 1011 or the 1012 is observed.  
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Figure 7-9 Pole figures showing the , ,   and  poles of the  
CP Ti extrudates. 
 
As seen in Figure 7-9, all the basal 0002 planes of the HER rod are aligned normal to the 
hoop direction, while the vast majority of the prismatic 1120 parallel to the extrusion-hoop 
plane and normal to the radial direction. Four secondary peaks of considerably lower intensity 
are also identified towards the extrusion and the hoop direction of the rod, all in 90° between 
them. Taken together with the lack of deformation and recrystallization in the α phase from  
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the optical micrographs, the HER rod pole figures indicate that during extrusion the  
material deformed while in the β phase and that a 1:1 variant selection thus occurred during  
the β → α transformation. 
 
A similar texture profile was developed by the FD tube. The main fraction of the 0002 plane 
normals aligned towards the hoop direction, but with the rotation not being complete as in  
HER rod case. A very strong 1120 orientation along the radial direction was also observed. 
However, in that case there is only one set of secondary peaks (of high intensity), rotated  
60° from the pole figure axis and towards the extrusion direction of the tube. In both HER rod 
and FD tube the 1011  and 1012  textures were very weak. The optical micrographs  
of FD tube suggest that the α grains are partially recrystallized and therefore that the developed 
texture is a product of deformation and recrystallization of the α phase . 
 
 
7.6  Conclusions 
 
Rods and tubes of commercial pure titanium were produced through direct, forward, hot 
extrusion. The effect of extrusion ratio and the die geometry on the microstructure and texture 
of the extrudate was examined. Gridded extrusion billets were used to study the bulk flow of the 
material during extrusion. Microstructural investigations and texture analysis were conducted in 
both partial-extruded billet and extrudate in order to identify the deformation that the material 
undergoes during the production process. The finite element deformation simulation package 
Forge®2008 was used to study the material flow and provide hot working information like the 
extrusion speed, temperature, strain and strain rate that would help the understanding of the 
deformation process and the production of the microstructure and texture experimentally 
observed. From the results aforementioned, the following conclusions can be drawn.   
 
Material Flow 
 
The deformed patterns produced from both extruding a gridded billet and Forge®2008 indicate 
that the bulk flow of the material during extrusion is affected by all the examined factors. 
  
Microstructural Observations 
 
The microstructural analysis in the DMZ suggests that the material was deformed below  
the β transus during the tube extrusions, while above during the rod production. This  
is strengthened by the fact that the rods exhibit a recrystallized β structure, with coarse  
α grains near their centre and much finer near their edges. The tubes show large recovered  
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α grains, surrounded by finer α grains. The microstructure is strongly elongated along  
the extrusion direction. In all cases the microstructure in the extrudate is finer than in the 
partially-extruded billet and especially in the dead metal zone.  
 
Texture   
 
The shear zone texture became less intense as we move from FD tube to HER rod, LER rod and 
CD tube case respectively. The pole figures of the first three indicate a 0002 texture along the 
shear zone plane and towards the die orifice, with a secondary 1120 texture normal to the 
shear plane. The CD tube specimen exhibits a more complicated texture, with its main 0002 
fraction normal to the shear zone plane and six secondary peaks 25-30° from the pole axis.  
 
The first observation concerning the final tube textures is that the FD tube and the HER rod 
developed a considerably stronger texture than the LER rod and even more than the CD tube. 
This is related to the higher shear, load and grain refinement that occurs during these cases. 
Both FD tube and HER rod have a strong 0002 texture in the hoop direction. The HER rod 
pole figure indicates that a 1:1 variant selection occurs during the β → α transformation and 
thus only one 0002 texture develops. It has to be mentioned that a more intense extrusion 
texture was produced in the HER rod extrusion than in the FD tube, even though were produced 
under the same extrusion ratio. The number of poles in the LER rod specimen suggests that the 
material deformed in the β phase and that the 110 planes were aligned parallel to the hoop 
direction of the rod, while as the material cooled down and the β → α transformation took place 
the 110 planes aligned parallel to the 0002 planes. The overall texture developed during 
the tube extrusion through a conical die is less strong than in the other cases due to the less 
intense shear that takes place compared to the FD and HER cases.  
 
It is clear from both microstructural and texture analysis that the use of the cold stem during the 
tube production has a dominant effect on the process. This is supported from the data obtained 
from Forge®2008. A greater preheat has to be used on the billet or the stem in order to prevent 
the material from cooling below the β transus during extrusion. However, if the aim is  
to produce as refined a microstructure as possible, extruding below the transus appears to be 
effective, as only a partially recrystallized structure was observed in the tube extrusion.   
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8.0   
Chapter 8 – Zirconium 
 
8.1  Zirconium Extrusion 
 
All Zr-2.5Nb extrusions were conducted at starting temperatures above the β transus of the 
material. The billets were heated in an air circulation furnace at 1000°C for an hour and then 
placed into the preheated extrusion chamber. The extrusion matrix can be seen in Table 8-1. 
 
Extrusion Ratio Lubricant Die Temp 
LER - 3.27:1   
HER - 8.86:1 
FD - 8.85:1 
CD - 7.05:1 
Deltaglaze 350°C 
Billet Temp Extrusion Pad Temp 
1000°C 200°C 
Extrusion Speed Container Temp Stem Temp 
10 mm.s-1 350°C 200°C 
 
Table 8-1  Zr-2.5Nb extrusion conditions matrix. 
 
8.2  Extrusion Simulation 
 
8.2.1 Input Data 
 
As input data for the simulation of the Zr-2.5Nb extrusions the values measured during the 
experimental trials were used (Table 8-1). The rheological, thermal and friction data used for the 
extrusion simulation are given in Table 8-2. 
 
Properties Zr-2.5Nb 
Density (kg.m-3) 6510 
Specific Heat (J.kg-1.°C-1) 353 
Thermal Conductivity (W.m-1.K-1) 25.2 
Heat Transfer Coefficient 
Billet-Tooling (W.m-2.K-1): 2000-10000 
Heat Transfer Coefficient 
Billet-Air (W.m-2.K-1): 10 
Emissivity 0.361 
B 8087 
N 0.0 
K 0.040 
m 0.198 
Tresca Coefficient 0.2/1.0 
 
Table 8-2  Rheology and thermal data for Zr-2.5Nb extrusion simulation. 
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8.2.2 Extrusion Load – Displacement Curves 
 
The extrusion load versus ram displacement curves for both experimental and simulation data 
are plotted in Figure 8-1. 
 
 
 
Figure 8-1  Extrusion load plotted versus ram displacement curves from experimental and 
simulation data; a) Low extrusion ratio (LER) Zr-2.5Nb rod, b) High extrusion ratio (HER)  
Zr-2.5Nb rod, c) Flat die (FD) Zr-2.5Nb tube and d) Conical die (CD) Zr-2.5Nb tube. 
 
As seen in Figure 8-1 a relatively good fit of the simulated data on the experimental is achieved 
for all cases. A common point in all extrusions is the discrepancy between the curves during the 
initial deformation of the billet to fill the container, similar to the one observed in titanium 
extrusions (paragraph 7.2.2), that is attributed to the eccentric placement of the extrusion billet 
in the container during the actual extrusions. The simulation data exhibit a plateau for the first 
5-7 mm for both low (LER) and high extrusion ratio (HER) rods and the conical die (CD) tube 
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extrusion case, after which the extrusion load increases gradually to reach a maximum. This 
steady load phase is not observed in the experimental curves, where the extrusion load shows a 
more sharp increase from zero to the value of breakthrough load. The corresponding plateau in 
the flat die (FD) tube case expands up to 17 mm because of the slightly smaller size of the billet 
used. The first small increase of the extrusion load until the first plateau is reached is attributed 
to the start of the deformation of the billet, while the plateau is attributed to the free deformation 
of the billet until it comes in contact with the container. Subsequently the load increases rapidly 
as the material fills the container, until the breakthrough point is reached and the material is 
forced to flow through the die orifice. After the breakthrough point a balance between the 
opposing forces is reached and a steady extrusion load is then required.  
 
The conical die used in the CD tube extrusion is responsible for the occurrence of a second 
plateau in the extrusion load-displacement curve. The first plateau observed (Figure 8-1(d)) is 
attributed to the free deformation of the billet until it comes in contact with the container as in 
the other extrusion cases. Afterwards the load increases rapidly as the lower part of the billet 
deforms to fill the conical die cavity. As the material flows along the face of the die and towards 
the die orifice the extrusion load increases only slightly (displacement range 11-16 mm). When 
the billet fills the whole extrusion chamber (container and die cavity) the extrusion load 
increases rapidly until the breakthrough point, where the material is forced to flow through the 
die orifice. After the breakthrough point the extrusion load increases even further. This is 
attributed to the chilling of the billet. 
 
The breakthrough point is simulated with good accuracy and a nearly perfect fit between the 
experimental and the simulated values for both rod and tube extrusion cases were achieved. The 
predicted steady state extrusion load values are also adequate. The simulated extrusion load 
curves of the FD and CD tubes appear noisy, due to the constant re-meshing. This is in 
accordance to the high deformation occurring during tube extrusion, verified from the data 
obtained from Forge®2008 (analyzed later in this chapter, paragraph 8.2.3). Although noisy, the 
general trend of the simulated and the experimental data curve is close and a relatively good fit 
was achieved for both points of interest (breakthrough point and steady state area).  
 
It should be mentioned that apart from the possible non uniform frictional and thermal 
conditions that might have occurred during extrusion and their possible effect on the material 
flow, one other factor should be taken into account. In all experimental Zr-2.5Nb extrusion 
cases the billet was sheathed in copper sheet prior to extrusion. This factor was not incorporated 
into the model. However, this is expected to have a negligible effect on the extrusion  
process and the simulation data output. The strength of the copper at the elevated temperatures 
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of the experiment (850°C-1000°C) is very low and so has little effect on the extrusion  
load. The friction coefficient between the copper clad zirconium and the tooling steel  
was measured by ring test (paragraph 4.5) to be between 0.20-0.35, a value very close to  
the 0.2 Tresca coefficient that the Deltaglaze exhibits and that was used in the model. This 
means that even if the Deltaglaze film covering the deforming billets did not flow uniformly 
along the billet and tooling interface, the friction coefficient would not change dramatically. 
  
8.2.3 Displacement, velocity, temperature, strain and strain rate contour maps 
 
In Figure 8-2 a number of different parameters obtained from Forge®2008 are presented. 
Initially a description of each one of the parameters is given for all the extrusion trials in order 
to understand how the examined factors (extrusion ratio and die shape) affect them. Later in this 
chapter the combined effect of all the parameters will be discussed for each of the different 
extrusions in an attempt to rationalise the microstructures and textures obtained. 
 
Displacement 
 
In Figure 8-2(a) and Figure 8-2(b), it can be seen that the static zone (0-10 mm.s-1) is 
considerably more extensive in the rod than in the tube cases, because of the width of the die 
shoulder. The static zone is more extensive in the HER rod that it is in the LER rod since the 
face of the die is larger in the first case. From both the displacement and the velocity profile 
maps of the FD tube it derives that, even if both HER rod and FD tube extrusions were 
conducted under the same extrusion ratio (8.86:1 for HER rod and 8.85:1 for FD tube), 
temperature and friction conditions, the dead metal zone (DMZ) developed in the later case is 
considerably less extensive. This reveals the dominant effect that the die face size has on the 
formation of the DMZ. The conical shape of the die used for the production of CD tube 
promotes higher material speed in the area before the die entrance and thus only a very 
restricted DMZ is observed, restricted to the container-die corner. 
 
Velocity 
 
The material velocity is strongly influenced by both the geometry of the extrusion  
system (die orifice and shape) and the extrusion ratio, as in the CP Ti case. The material 
velocity near the die entrance varies between 32-33 mm.s-1 for the LER rod case, increases  
to 67-82 mm.s-1 for the CD tube, 74-88 mm.s-1 for the HER rod and 82-100 mm.s-1 for the FD 
case. The material speed near the die exit follows the exact same order. The lowest speed is 
developed in the LER rod extrusion and is exactly the same as in die entrance (33 mm.s-1). The 
corresponding value for the HER rod is 88 mm.s-1. It has to be mentioned that in both rod cases 
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a nearly constant velocity is observed across the extrudate cross section with no profound 
velocity funnel developed, as in CP Mg and CP Ti extrusions. The considerably higher material 
velocity observed in the HER rod case makes evident the effect of the extrusion ratio. For a 
given extrusion ratio the different shape and the considerably smaller die orifice (because of the 
use of the stem) used in the FD tube extrusion increases even further the material velocity to 
100 mm.s-1. The shape of the die also appears to have a strong effect on the material speed. The 
velocity in the CD tube, 75 mm.s-1, indicates that the material is forced to flow faster through a 
flat faced die than through a conical die. 
 
Temperature 
 
From the temperature distribution maps presented in Figure 8-2(c) the strong effect of  
both the different extrusion press set-up between the rod and tube extrusion and the  
die geometry become apparent. The temperature ranges for each one of the areas of interest, 
namely main body of the billet, die entrance and extrusion product can be seen in Table 8-3. 
 
Area LER HER FD CD 
 Temperature (°C) 
Main Body 885-995 884-987 761-863 700-841 
Die 850-989 851-1004 892-916 865-897 
Die Exit 916-1006 907-1011 849-870 834-860 
 
Table 8-3  Material temperature in the areas of interest of Zr-2.5Nb extrusions.  
 
The temperature profiles of the two rods is nearly identical, with the temperature being only 
slightly higher in the HER rod. The average temperature in the FD tube is considerably lower 
than in the two rods, while in CD tube is even lower. The reason, as in the CP Ti case, is the use 
of a cold stem during the tube production. The cold stem (200°C) has a dominant effect on  
the temperature distribution in the billet, with the FD billet exhibiting an average temperature 
82°C lower than the two rods (940-941°C) and the CD billet 107°C lower than the rods. The 
lower billet temperature of the CD tube case (26°C lower than in the FD case) is attributed to 
less adiabatic heating and thus less deformation. The extrusion ratio appears to have only a 
negligible effect on the temperature profiles of the deforming billets since both LER and HER 
billets have a nearly identical temperature. 
 
In all cases the lowest temperature is observed in the main body of the billet and especially 
close to the interface with the cold pressure pad and stem. A temperature rise occurs near the die 
entrance due to the deformation that takes place there. This rise is more intense during the FD 
tube and HER rod extrusions were the shear is more intense.  
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Figure 8-2  Forge®2008 contour maps for low (LER) and high (HER) extrusion ratio rods  
and tubes extruded through flat (FD) and conical (CD) die; a) displacement (mm), b) material 
velocity (mm.s-1), c) temperature (°C), d) strain along the XX axis, e) strain along the YY axis,  
f) strain along the ZZ axis, g) strain along the ZX axis, h) strain rate (s-1). 
 
Strain 
 
Strain profile maps along the extrusion (ZZ axis), radial (XX axis) and hoop axis (YY axis), can 
be seen in Figure 8-2(d-f), while the shear stain (ZX axis) in Figure 8-2(g). The strain  
values in each area of interest; main body of the billet, die entrance and extrusion product, can 
be seen in Table 8-4.     
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Area LER HER FD CD 
Radial Direction (XX axis) 
Main Body -0.47 / 0.37 -0.75 / 0.36 -0.78 / 0.14 -1.28 / -0.36 
Die Entrance -1.05 / -0.40 -1.05 / -0.40 -1.83 / -1.01 -1.35 / -0.4 
Die Exit -1.28 / -0.28 -1.07 / -0.37 -1.65 / -1.30 -1.43 / -0.29 
Hoop Direction (YY axis) 
Main Body -0.47 / 0.07 -0.86 / 0.08 -1.0 / 0.04 -0.16 / 0.05 
Die Entrance -0.49 / -0.29 -0.94 / -0.68 -0.43 / -0.15 -0.43 / -0.16 
Die Exit -0.29 / -0.24 -0.90 / -0.70 -0.46 / -0.15 -0.38 / -0.16 
Extrusion Direction (ZZ axis) 
Main Body -0.46 / 0.85 -0.48 / 1.74 0.0 / 0.83 0.01 / 0.88 
Die Entrance 0.90 / 1.48 1.04 / 2.0 1.48 / 2.21 0.5 / 1.60 
Die Exit 0.59 / 1.40 1.05 / 1.94 1.43 / 2.18 1.52 / 2.12 
Shear (ZX axis) 
Shear Zone 0.95 / 1.05 1.04 / 1.10 1.03 / 1.11 0.94 / 1.24 
 
Table 8-4  Strain ranges in the areas of interest of Zr-2.5Nb extrusions  
 
Radial Strain (XX) 
 
Only a minimal radial stress is developed in the main body of the semi-extruded billet, for all 
Zr-2.5Nb extrusion cases (Figure 8-2 and Table 8-4). During the rod extrusion both compressive 
and tensile strains develop in the main body of the billet, with the material near the interface 
with the container being forced towards the container liner wall, while the material near  
the core of the billet towards the centre of the billet. During the tube production the material  
is restricted centrally from the rigid stem and so it is mainly forced towards the container. 
 
Considerably higher values are observed near the die area since high compressive strains 
develop as the material is forced to flow through the die orifice. The radial strain in both low 
and high extrusion ratio rods varies between -1.05/-0.40. The corresponding value of radial 
strain in the FD tube extrusion case is between -1.83/-1.01, verifying the findings of paragraph 
7.2.3 according to which it is not only the extrusion ratio and the decrease in the cross-section 
area from billet to extrudate that affect the developed radial strain. The flow of the  
billet material through the die orifice is more progressive when a conical die is used instead of  
a flat faced die, as indicated by the lower radial strain of the CD tube case (-1.43/-0.29). 
 
Hoop Strain (YY) 
            
The strain along the hoop direction varies between -0.49/0.07 for both lower deformation cases 
of LER rod and CD tube. Slightly higher values where predicted for the HER rod and FD tube 
cases. The corresponding values of hoop strain are -0.94/-0.08 and -1.0/0.04 for the HER rod 
and the FD tube case respectively. The high extrusion ratio and the high material speed are 
believed to cause non-steady material flow and thus higher radial and hoop strain. In all  
cases the intensity is moderate to low and does not have a strong affect on the material flow. 
Chapter 8 - Zirconium 
 
273 
 
Extrusion Strain (ZZ) 
 
Both rod and tube extrusion cases are characterized by tension along the extrusion direction.  
A very extensive funnel formed before the die entrance and along the length of the billet during 
both LER and HER rod extrusions, where high extrusion strains are observed. The tensile strain 
near the die entrance varies between 0.90/1.48 for the LER rod case, while increases  
to 1.04/2.0 for the HER rod. The use of a stem during the tube extrusion does not allow  
the formation of a deformation funnel similar to the one developed in rod extrusion. The  
small annulus between the die and the stem considerably restrict the material along the radial 
direction forcing the material to elongate along the only direction that it is free to move, the 
extrusion direction. This gives rise to high strains along the extrusion direction that range 
between 1.52/2.12 for the CD tube and 1.43/2.21 for the FD tube. 
 
Shear Strain (ZX) 
 
The shear strain developed along the DMZ face is one of the key factors for the microstructure 
and texture development in the extrudates. It is one of the main deformation steps that the 
material undergoes during its extrusion and the source of redundant work in the process. 
 
The main shear strain (1st shear step) (paragraph 7.2.3) developed along the DMZ-billet 
interface in both rod and tube extrusions. The maximum shear in the LER rod and the CD tube 
ranges between 0.94 and 1.24. Slightly higher values are observed in the HER rod and the  
FD tube cases, where the maximum shear reaches the 1.41 and 1.46 respectively. Although the 
extrusion ratio appears to have the strongest effect, the amount of shearing is nearly the same in 
all extrusion trials.  
 
Strain Rate 
 
High strain rates develop near the die entrance area and especially around the die entrance 
radius, while the main part of the deforming billet and the extrusion products exhibit  
minimal values. The maximum strain rates developed in the HER rod (15.7 s-1) and the  
FD tube (14.4 s-1), while the CD tube (8.4 s-1) and LER rod (6.8 s-1) follow. A slightly higher 
value was expected for the FD tube. However, as seen in Figure 8-2(h), the maximum strain rate 
value is misleading because the FD tube exhibits higher average strain rate along its  
cross section (near the die entrance area) than the HER rod, where a very intense gradient is 
observed. The same applies for the CD tube case. The strongest effect on strain rate has  
the extrusion ratio, followed by the entrance angle of the die and the extrusion pres set-up. 
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8.3  Material Flow analysis 
 
Since the flow pattern that a material follows during extrusion is affected by a number  
of parameters all the extrusions conducted in this project were carried out at the same 
temperature, the tooling was maintained at the same temperature, and the friction coefficients 
were kept constant. In each extrusion trial only one parameter changed, in order to make  
its effect evident. Figure 8-3 illustrates the deformed marking grid engraved on the  
partially-extruded billet and the corresponding data obtained from Forge®2008 simulations. 
 
 
 
Figure 8-3  Comparison of the experimental and the simulated extrusion grid machined on the 
billet cross-section prior extrusion in order to identify the material flow pattern.  
 
Chapter 8 - Zirconium 
 
275 
 
The material flow in both rod extrusion cases was not very uniform. An extensive funnel is 
evident near the die entrance that extends backwards toward the back end of the billet as a result 
of the non-uniform velocity of the material along its cross-section. The flow near the centre  
of the billet is considerably faster than near the interface with the container, since there is 
nothing to restrict it. From Figure 8-3 it is apparent that the high extrusion ratio and material 
velocity of the HER rod case, intensify the effect. Only two horizontal lines are evident in  
the partially-extruded billet of the HER rod case, while there are four in the LER rod case. 
  
The material flow profile of both the FD and CD semi-extruded billets appear more smooth and 
uniform. No extensive funnel is evident in these cases, but only a very narrow one just before 
the die entrance. The vertical grid lines are nearly parallel, with the only exception being the 
upper edge of the shear zone in the FD tube extrusion. As the material flows along the container 
wall there is a point that reaches the upper side of the DMZ. The material at that point is 
prohibited from continuing its forward flow and bulges as it enters the shear zone. The shape of 
the conical die does not lead to the formation of a DMZ and thus the flow in that case is very 
smooth. In both tube extrusions the material in the centre of the billet is pushed forward almost 
as a uniform body with relatively slow speed, since the horizontal lines are only slightly bend 
downwards. The horizontal grid lines are not discernible in the extrudate because of the high 
temperature-stress condition developed there during the process. In all cases the simulated 
marking grid is a perfect mach to the experimental.  
 
 
8.4  Metallography 
 
The microstructure of the partially-extruded billets was examined along their cross-sections in 
the dead metal zone, shear zone and central part of the deforming billet. Microstructural analysis 
was also conducted in the two main areas of the extrusion product; near their outer surface and 
their inner surface (or centre for the rod cases). All the extrusions were conducted at the same 
nominal temperature. Some differences resulted from different cooling rates during extrusion 
and different adiabatic heating, due to differences in geometry. In the rod case the material 
deformed high in the α+β/β field, while the tube extrusions were lower in the α+β phase field. 
All extrudates were water quenched after extrusion. In order to identify any microstructural 
differences between the different extrusion cases and to understand the effect of each of  
the parameters examined, the analysis is organised by area of interest and not by specimen. 
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Figure 8-4  BSEI micrographs illustrating the microstructures developed during the extrusion of a 
Zr-2.5Nb rod under low extrusion ratio (LER); a1) and b1) Dead metal zone along the extrusion and 
radial direction respectively, a2) and b2) Shear zone along the extrusion and radial direction 
respectively, a3) and b3) Central zone along the extrusion and radial direction respectively, c1)  
and d1) Outer surface of the rod along the extrusion and radial direction respectively, c2) and d2) 
Central part of the rod along the extrusion and radial direction respectively. 
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Figure 8-5  BSEI micrographs illustrating the microstructures developed during the extrusion of a 
Zr-2.5Nb tube through a flat faced die (FD); a1) and b1) Dead metal zone along the extrusion and 
radial direction respectively, a2) and b2) Shear zone along the extrusion and radial direction 
respectively, a3) and b3) Central zone along the extrusion and radial direction respectively, c1)  
and d1) Outer surface of the tube along the extrusion and radial direction respectively, c2) and d2) 
Inner surface of the tube along the extrusion and radial direction respectively. 
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Figure 8-6  BSEI micrographs illustrating the microstructures developed during the extrusion of a 
Zr-2.5Nb tube through a conical die (CD); a1) and b1) Dead metal zone along the extrusion and 
radial direction respectively, a2) and b2) Shear zone along the extrusion and radial direction 
respectively, a3) and b3) Central zone along the extrusion and radial direction respectively, c1)  
and d1) Outer surface of the tube along the extrusion and radial direction respectively, c2) and d2) 
Inner surface of the tube along the extrusion and radial direction respectively. 
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Dead Metal Zone 
 
The material in the DMZ of both the LER rod and CD tube exhibit a duplex microstructure with 
α grains enclosed by small regions of β phase, surrounded by fine basket-weave structure. It is 
believed that the α grains formed on cooling from the β phase, while as the material was 
removed from the die and quenched the basket-weave microstructure developed. Evidence of 
broken α grains were found in the radial/hoop plane of the LER rod specimen (Figure 8-4(b1)). 
This is indicative of shearing of the material. The FD tube specimen entirely composed of a fine 
basket-weave microstructure as a result of the relatively fast cooling from the α+β phase field.    
 
Shear Zone 
 
The intense strain along the shear plane forced the α grains to shear and elongate along the 
flowing material-DMZ interface. The difference between the DMZ and the shear zone is very 
intense as can be seen in Figure 8-5(a2). Most notably, the ED of the FD tube has the finest scale 
α observed, which corresponds to the much higher shear strains experienced in this case than in 
the CD tube or the LER rod. Some grain boundary α can also be observed in the CD tube shear 
zone, presumably indicating that the cooling rate associated with removal of the split billet was 
slightly lower in this case. A preferred orientation along the hoop direction is also observed in 
all specimens and more clearly in Figure 8-6(b2), probably due to the considerable radial strain. 
 
Central Billet Zone 
 
The flow of the body billet material of a deforming billet during rod extrusion in nearly free, 
since both radial and hoop strains are very low. However, the moderate strain along the 
extrusion direction resulted to the elongation of the α grains. A nearly continuous network of 
fine β phase is found between the α phase, Figure 8-4(a3). The use of a cold rigid stem during 
the extrusion of tubes leads to the development of higher strains along the radial direction and 
lower deformation temperatures. As a result the developed microstructure for both FD and  
CD tube cases is considerably finer. The FD specimen developed a fine α+β microstructure with 
the α grains oriented along the extrusion direction in the extrusion/radial plane and along the 
hoop direction on the hoop/radial plane, Figure 8-5(a3/b3). A fine basket-weave microstructure 
developed in the central billet volume of the CD tube. Large α grains are observed along the 
grain boundaries (Figure 8-6(a3/b3)).  
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Inner Surface 
 
As seen in Figure 8-4(c2/d2), colonies of parallel oriented α grains have formed in both ED and 
RD specimens of LER rod. Similarly to the central area of the un-extruded billet, the α grains 
are surrounded by a continuous net of thin β phase. This indicates that the material deformed 
and quenched from the β phase field. Both tube specimens exhibit similar microstructure. 
Highly elongated α grains along the extrusion direction give the material a needle like-form 
microstructure. Microscopic observation along the cross section of the FD tube reveals that the 
α grains are flattened and folded in the radial-hoop plane. The majority of these α grains have 
their longer axis along the hoop direction of the tube while only a small number were elongated 
along the radial direction (Figure 8-5(d2)). A highly deformed basket-weave microstructure 
developed in the CD tube. The finer microstructure of the FD tube compared to the CD tube is 
attributed to the higher radial strain developed during the extrusion through the flat faced die.  
 
Outer Surface 
 
A common characteristic of all extrusion trials is that the developed microstructure near their 
outer surface is finer than near their inner, due to more rapid cooling. The microstructure 
developed near the surface of the LER rod is nearly identical to the one found in its core. 
Colonies of parallel oriented α grains delineated from a continuous net of thin β phase formed, 
since the material was quenched from the β phase. The material in the CD tube deformed in  
the α+β phase and afterwards was air-cooled and quenched. This provoked the formation of 
elongated α grains with fine basket-weave microstructure between them. A correlation between 
the structure in the inner and the outer surface of the FD tube can also be made, especially when 
examining the radial/hoop plane (Figure 8-5(d1)), since a duplex α+β microstructure has 
developed with the α grains slightly elongated along the hoop direction of the tube. As seen in  
Figure 8-5(c1), a film of α phase was formed along the grain boundaries, from which a 
secondary Widmanstätten α structure developed upon slow cooling. It is believed that the 
material after deformed in the α+β phase filed and before quenched was left in the die for an 
adequate time for the Widmanstätten α structure to form.   
 
 
8.5  Texture 
 
Texture measurements had been carried out in the two areas of major interest; the maximum 
shear zone in the deforming billet and the extrusion product. The pole figures constructed are 
illustrated in Figure 8-7 and Figure 8-8.   
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Figure 8-7 shows the texture developed along the maximum shear zone (as predicted from 
Forge®2008 simulation package) during the extrusion of Zr-2.5Nb. The plane normal to the 
pole figures corresponds to the shear plane, while the material flow direction along the shear 
zone and towards the die orifice is from top to bottom. 
 
As seen in Figure 8-7 all specimens exhibit similar texture. The main texture components 
identified are in 0002 and 1120 pole figures and are related to the texture of the  
as-received material. 
 
 
 
Figure 8-7  Pole figures showing the , 		
	, 		
  and 		
 poles of the Zr-2.5Nb 
extrusions, on the maximum shear zone.  
 
The 0002 pole figure exhibits a quite complex texture. The main feature in all cases is a set of 
moderate to high intensity peaks located 25-35° from the pole axis and towards the hoop 
direction. This is consistent with the basal pole figures obtained from tubes deformed by small 
diameter and large wall thickness reduction (RW/RD>1), as in this case [1]. The intensity of the 
peaks is higher for the LER rod case and decreases as we move to the CD and FD tube 
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respectively. Secondary texture components are also evident. Two set of peaks can be found  
90° from the 0002 pole axis and parallel to both the maximum shear and the hoop direction. 
The number of peaks along the maximum shear direction is larger for the CD and FD tubes  
than the LER rod specimen. The intensity of the peaks along the hoop direction is low in all 
cases. It appears then that the majority of the grains in the LER rod are oriented with their basal 
planes tilted 55-65° from the maximum shear plane and their c axis normal to the shear 
direction.  However, in both FD and CD tube specimens there is a stronger texture component 
of the 0002 in the shear direction (SD). The shear strain predicted is similar in the shear  
zone for all the extrusions; therefore this texture difference must be related to the temperature. 
The tube shear zones were lower in the α+β field than the rod, so presumably this difference  
can be attributed to the different slip systems operating in the β phase of the α+β amalgam.   
 
The same texture trend between the LER rod, FD and CD tube specimen is also observed in the 
1120 pole figures. The strongest intensity is observed in the FD tube, while the CD tube and 
LER rod cases follow, with the first higher than the second. Two peaks of moderate intensity 
are also observed in all three cases, inclined 55-65° from the 1120 pole axis and towards the 
hoop direction. These secondary peaks are less intense in the FD tube extrusion case and 
stronger for the LER rod case. A very similar texture trend is evident in the raw material and is 
believed that it was preserved during the deformation of the material. Dillamore and Roberts [2] 
report that, zirconium tubes extruded at elevated temperatures or annealed after cold working do 
exhibit a number of grains with their 1120 planes parallel to the extrusion direction.     
  
The 1012  and 1011 poles exhibit an overall weaker texture. The 1012  poles are 
characterized by a moderate intensity peak along the pole figure axis. The peaks in the FD tube 
pole figure are perfectly aligned parallel to the pole axis. Although as the level of deformation 
decreases the peaks incline towards the hoop direction.   
  
The main portion of the pyramidal 1011  planes are aligned in four symmetric peaks, oriented 
90° the one to the other and all tilted 25-35° from the pole axis. The rest form a ring around the 
pole, lying on the maximum shear plane with no profound direction.  
 
Figure 8-8 illustrates the texture developed in the Zr-2.5Nb extrusion products. The plane 
normal to the pole figures corresponds to the radial direction, while the extrusion direction is 
from top to bottom, as stated. 
 
A strong resemblance of the texture developed in the extrudates to both the maximum shear 
plane and the as-received material texture is evident.   
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Figure 8-8 Pole figures showing the , 		
	, 		
  and 		
 poles of the  
Zr-2.5Nb extrudates. 
 
Both rod and tubes exhibit a duplex 0002 texture. The main component is the set of  
poles rotated 25-35° from the pole axis towards the hoop direction of the pole. The LER rod 
shows stronger orientation than the tubes, with a maximum intensity of 3.5-4 times random  
out of a 4.5 times random scale. The corresponding intensities in the FD and CD tubes are  
2.25-2.5 and 2.5-2.75 respectively. The two secondary set of peaks, aligned parallel to the hoop 
and the extrusion direction, observed in the shear zone specimens are also evident. The fraction 
of the basal plane normals inclined along the hoop direction is larger for the LER rod and 
decreases as we move to CD tube and even further to the FD tube. According to the literature, 
the fraction of the basal plane normals inclined toward the hoop direction increases as the 
extrusion ratio increases. It is believed that the crystallographic orientation of the billet material 
has a strong effect on this discordance. A portion of basal plane normals can be found along the 
extrusion direction in both FD and CD tubes, with the number being larger in the latter case. 
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The 1120 texture developed by both rod and tubes is nearly identical to the one observed in 
the maximum shear zone. The higher intensity is observed again in the FD tube, while the lower 
in the LER rod. The secondary component, consisting two peaks of moderate intensity, is 
rotated 55-65° from the 1120 pole axis and towards the hoop direction. The intensity of this 
secondary texture increases as we move from the FD tube to the LER rod. Thus the type of  
the 1120 texture is not affected by the second shear that the material undergoes while entering 
the die orifice, it only gets slightly stronger.     
  
Both 1012  and 1011  poles exhibit an overall weaker texture. The majority of the 
pyramidal 1011  planes form four symmetric peaks; oriented 90° the one to the other and all 
tilted 25-35° from the pole axis. A smaller portion of peaks form a ring around the pole. No 
profound orientation can be seen in the 1012  map, apart from a very weak peak along the 
pole axis of the LER rod. 
 
 
In order to make the interpretation of the texture data easier and to simplify comparison with the 
literature, the resolved fraction of basal plane normals along the principal direction of the 
extrusion products were calculated.  According to Anderson et al [3], the Kearns factors are 
related to the spherical harmonic orientation distribution coefficients (ODC’s), WLMN, through 
the following equations: 
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The ODC’s were calculated using popLa by applying a spherical harmonic fit to data that had 
already being undergone a WIMV ODF calculation procedure. The resolved fraction of basal 
plane normals in the principal direction of the extrusion products as calculated from equations 
8.1-8.3 are shown in Table 8-5. The wall thickness reduction, the diameter reduction and their 
ratio are also presented. 
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Sample Fradial Fhoop Fextrusion Rwall Rdiameter Rw/ Rd 
LER Rod 0.29 0.26 0.45 - - - 
FD Tube 0.27 0.33 0.40 6.4 1.8 3.6 
CD Tube 0.27 0.33 0.40 5 1.7 2.9 
Oil Quenched [4] 0.35 0.44 0.21 8 1.5 5.3 
Slow Cooled [4] 0.55 0.38 0.07 8 1.5 5.3 
Frond End [5] 0.30 0.64 0.06 8 1.5 5.3 
Back End [5] 0.36 0.60 0.04 8 1.5 5.3 
 
Table 8-5  Resolved fraction of basal plane normals in the principal directions of the extrudates. 
 
As stated above, all our extrusion product specimens developed a strong texture component 
along the extrusion direction, with only a moderate hoop component. This is in contrast to the 
literature [4, 5] that refers to a strong orientation of the basal plane normals along the hoop 
direction of the pressure tubes. No obvious explanation can be given for this in terms of 
extrusion ratio, since the extrusion ratio used in the tube extrusion trials was essentially the 
same as that used in industrial pressure tube fabrication (~9 and 10 respectively). For cold 
deformation, Tenckhoff [1] suggested that when Rw/Rd>1 the majority of the basal plane 
normals tend to align 20-40° from the pole figure axis and towards the hoop direction. Static 
annealing of the material does not explain these irregular finding since if occurred would not 
give a texture component along the extrusion direction, but along the radial direction. According 
to the literature [6, 7] the extrusion direction basal fraction increases if the material is quenched, 
with the effect decreasing with extrusion ratio and increasing with extrusion temperature. 
  
It is believed that the increased 0002 texture component along the extrusion direction was a 
result of the combined effect of these factors since; the extrusion ratio used during the tube 
production in this project was between 7-9 compared to 10 in the industrial production of 
pressure tubes, the extrudates were effectively quenched on die exit and the billet material was 
deformed at slightly higher temperatures that in actual pressure tube fabrication (based on the 
data acquired from the Forge®2008 simulations conducted in this work). This last factor is 
particularly relevant since our extrusions were largely performed in the β phase. A strong 
orientation along the extrusion direction is observed from the 110 planes of bcc phase 
materials [8]. In order to have a 0002 ∥ 110 orientation along the radial or hoop 
directions, a variant selection has to occur, which is obviously operating to some extent but 
probably not completely mono-variant. Thus it is believed that in order to produce a texture 
similar to the one observed from Holt et al [4, 5] the material has to deform lower in  
the α+β phase filed, presumably at ~860°C, where more α is present.          
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8.6  Conclusions 
 
Rods and tubes of Zr-2.5Nb were produced through direct, forward, hot extrusion. The effect of 
extrusion ratio and the die geometry on the microstructure and texture of the extrudate was 
examined. Gridded extrusion billets were used to study the bulk flow of the material during 
extrusion. Microstructural investigations and texture analysis were conducted in both  
partial-extruded billets and extrudates in order to identify the deformation that the material 
undergoes during the production process. The finite element deformation simulation package 
Forge®2008 was used to study the material flow and provide hot working information like the 
extrusion speed, temperature, strain and strain rate that would help the understanding of the 
deformation process and the production of the microstructure and texture experimentally 
observed. From these results, the following conclusions can be drawn.   
 
Material Flow 
 
The deformed patterns produced from both extruding a gridded billet and Forge®2008 indicate 
that the bulk flow of the material during extrusion is affected by the extrusion  
geometry, heat flow conditions and billet temperature. The extrusion simulations are in 
satisfactory agreement with the experimental results and assist in rationalizing the 
microstructures and textures observed.  
 
Microstructural Observations 
 
The microstructure analysis suggests that the material was deformed in the α+β phase field 
during the tube extrusions and higher in the upper α+β region or β phase during the rod 
production. A satisfactory microstructure was developed in the FD tube. The strong effect of 
material temperature and cooling rate on the developed microstructure was shown. When the 
material deformed in the β phase, slow cooled in the die for some time and then water quenched 
(DMZ area in the FD tube case) a fine basket-weave structure was formed. When the material 
was directly quenched from the β phase, a typical α+β phase was produced. Deformation in  
the high α+β phase field, air cooling for a brief time and then quenching created a fine 
microstructure comprising of elongated α grains and fine basket-weave structure between  
them. When the material was slow cooled in the die and then water quenched after working in 
the α+β phase field caused Widmanstätten α structure to form from the α film found along  
the grain boundaries. The coarser structure identified in the CD tube is related to the lower 
strain involved in the CD tube production and the consequently lower adiabatic heating. 
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Texture   
 
The shear specimen pole figures exhibit two components of basal 0002 texture. The main 
feature is a set of moderate to high intensity peaks located 25-35° from the axis of the pole and 
towards the hoop direction, while the second one is found on the shear plane and along the hoop 
direction. The intensity of the main peaks is higher for the LER rod case and decreases as we 
move to the CD and FD tube respectively, while the secondary component is stronger for the 
CD tube and minimal in the LER rod specimen. The predicted shear strain is similar for all the 
extrusions; therefore the observed texture difference must be related to temperature. The tube 
deformed lower in the α+β field than the rod, so presumably this difference can be attributed to 
the different slip systems operating in the β phase of the α+β amalgam.   
 
Both rod and tubes exhibit a duplex 0002 texture similar to the one observed in the shear 
zone. The main component, a set of poles rotated 25-35° from the pole axis towards the hoop 
direction of the pole, is stronger in the LER rod and less intense in the FD and CD tubes. Two 
secondary sets of peaks, aligned parallel to the hoop and the extrusion direction respectively, are 
also evident. Thus the fraction of the basal plane normals inclined along the hoop direction is 
larger for the LER rod and decreases as we move to CD tube and even further to the FD tube. 
This is in contrast to the literature [4, 9], which indicates that the fraction of basal plane  
normals inclined toward the hoop direction increases as the extrusion ratio increases. This is 
attributed to the strong effect that the crystallographic orientation of the as-received material has 
on the final product. A portion of basal plane normals can be found along the extrusion direction 
in both FD and CD tubes, with the number being larger in the latter case. According to the 
literature [6, 7] the number of the basal pole figures inclined toward the extrusion direction 
increases with quenching, decreasing extrusion ratio and with extrusion temperature. As the 
temperature of the two tubes is essentially the same and both tubes were quenched after 
extrusion, the stronger texture along the extrusion direction observed in the CD tube is 
attributed to the lower strain rate used.  
 
The 1120 texture developed by both rod and tubes is nearly identical to the one observed in 
the maximum shear zone. The higher intensity of the main texture component is observed in the 
FD tube and the lower in the LER rod, while the intensity of the secondary texture increases as 
we move from the FD tube to the LER rod. It is thus concluded that the 1120 texture is not 
strongly affected by the second shear that the material undergoes while entering the die orifice 
(paragraph 7.2.3), but is only slightly strengthened.  
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Both microstructural and textural analyses indicate that the use of the cold stem during the tube 
production has a dominant effect on the process. This is in agreement with the data obtained 
from Forge®2008. It is believed that higher and more uniform tooling temperature (that will 
prevent the excessive cooling of the material) in conjunction with a lower billet temperature 
(about 800-850°C) would ensure that the material deformed lower in the α+β phase field. 
Subsequent direct quenching of the tube as it exits the die would then result in the desired 
microstructure of elongated α grains surrounded by thin ligaments of β. A higher extrusion ratio 
(than the about 9:1 used) would be needed to develop a stronger hoop basal texture. When 
extruding long tubes, such a procedure would result in more uniform deformation conditions 
along the billet and easier thermal management of the process, allowing more uniform textures 
and microstructures to be produced.  However, this would be at a cost in moving to higher 
temperature capability tooling materials and added complication in the heaters provided for the 
die, container and especially the stem. 
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9.0   
Chapter 9 – Discussion 
 
In order to aid the reader, the present chapter aims to first compare the microstructure and 
texture evolution of the different materials during compression testing. The focus then shifts to 
Zr-2.5Nb tube production, first comparing the textures produced here to those from  
the literature in terms of the Kearns factors. Models are then used to examine the production of 
full-scale pressure tubes and the likely effect of process parameters in full scale tube 
manufacture on the product obtained. 
 
9.1  Compression Testing 
 
The effect of strain rate and temperature on the microstructure and texture of the examined 
materials are summarised in Table 9-1 (p.294). 
 
AA2014 compression samples exhibit a prior-equiaxed microstructure, deformed along  
the compression direction. In all cases there is evidence of recrystallization, although  
the phenomenon was more profound in the high temperature-low strain rate case  
of 500°C-ε&
 
10-3 s-1. The distribution of AlCu2 precipitates is strongly dependant on the 
temperature profile of the specimen and therefore these provide a witness to the temperatures 
attained, which is useful in considering, e.g. recrystallization. At low temperatures precipitates 
can be found both in the grain boundaries and the volume of the grains. As temperature 
increases a higher fraction of precipitates is expected to be found along the grain boundaries 
than in the grains. The fact that in the extreme high temperature-low strain rate case  
of 500°C-ε&  10-3 s-1 precipitates were found only on the grain boundaries means that the material 
was held at elevated temperature for a prolonged time, the combination of which provoked 
extensive recrystallization of the material.  
 
For 400°C and a strain rate of 100 s-1, the mean grain volume was ~40% lower than in  
the 10-3 s-1 strain rate case, as a result of the more extensive recrystallization that took place in 
the high strain rate case. In contrast, at 500°C the lowest strain rate gave the finest 
microstructure (~25% lower compared to the high strain rate case). This was attributed to  
the more intense adiabatic heating that occurred because of the higher strain rate which 
promoted grain growth. As seen in Table 9-1 the grains were more highly “pancacked” in  
the high strain rate-high temperature case of 500°C-ε&  100 and less in the recrystallized  
low strain rate-high temperature case of 500°C-ε&  10-3 s-1. The strong 110 recrystallization 
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texture observed is in accordance to the microstructural observations about the dominant  
effect of recrystallization during the AA2014 compressions. The 110 pole figures showed 
maxima along the compression axis, while a less intense band of circular symmetry was 
identified 55-65° from the compression direction, consistent with the expected angle between 
the 110 poles (60°). 110 texture gets stronger as temperature and strain rate increases, as 
expected for a recrystallization texture. A texture of moderate intensity and circular symmetry 
was also observed in the 111 pole figure, with the stronger component 30-40° from the 
compression direction and a less intense fully on the radial direction. The 111 deformation 
texture became stronger as temperature and strain rate increased. The overall texture of the  
high temperature-low strain rate (500°C-ε&  10-3 s-1) specimen was lower than expected. It is 
thought that the specimen was not taken from exactly the same regime of the ingot material.  
 
As with AA2014, the CP Mg compression microstructures were also dominated by 
recrystallization and grain growth. The specimen deformed at 300°C and a strain rate  
of 10-3 s-1 developed a prior-equiaxed microstructure, deformed along the compression  
direction, while the one deformed at the same temperature (300°C) but under higher strain  
rate (ε&  100 s-1) showed a more equiaxed and considerably finer microstructure. This was due to 
the more extensive recrystallization that took place in the material during the later case because 
of the higher strains and temperature developed. At 400°C, a coarser microstructure was 
produced for both slow and fast strain rates. Twinning was identified in both cases, indicating 
that is a significant deformation mechanism at this elevated temperature. The fact that twinning 
seems to be more extensive at higher strain rates is consistent with a shear deformation 
mechanism. All samples developed a strong 0002 texture, with the maximum intensity 
located at the centre of the pole figure. For high strain rates the high intensity area centred  
on the compression direction, while for lower strain rates it formed a ring around the  
centre, which may indicate a different balance between twinning and slip in the material. 
  
Both the CP Ti and Zr-2.5Nb compression microstructures can be significantly changed by the 
allotropic phase transformation. Both CP Ti samples deformed at 800°C (pure α phase) 
exhibited nearly equiaxed grains. Grain growth took place during the low strain rate case, due to 
the prolonged time that the material was held at elevated temperature. Extensive 
recrystallization in the high strain rate case took place only in the central part of the workpiece, 
in the area of maximum shear. The samples that were deformed at 1000°C (pure β phase) and 
quenched show a martensitic α´ microstructure. While no specific orientation of the grains can 
be observed along the radial direction, along the compression direction the lath colonies tend to 
align along a fictional plane forming 45° with the compression direction. In both cases a finer 
martensitic microstructure was observed near the edges of the workpiece delineated by small 
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amounts of β phase, due to more rapid quenching. All the specimens exhibited a very strong 
1120 texture along the compression direction and a number of moderate intensity peaks 
located 55-65° from the compression direction. The maximum intensity in the 1120 pole 
figures increased with increasing temperature and decreasing strain rate; the same trend was 
observed in the 1012  pole figures. The fact that both 1120 and 1012  textures became 
stronger with slower strain rates and higher temperature indicates that this is the 
recrystallization texture. For the low temperature cases (800°C), the basal 0002 planes were 
aligned 30-50° from the compression direction, with the peaks for slower strain rate being more 
intense. In that case (800°C-ε&  10-3), four secondary peaks are observed along the radial 
direction of the specimen. Instead of the four peaks a more circularly symmetric texture is 
observed in the high temperature compressions, with the majority of the basal 0002 planes 
along the radial direction. At high temperatures, the 110 → 0002
 transformation 
orientation relationship must be considered; the 0002 pole figure is a variant-related product 
of the prior 110 pole figure.  
 
The Zr-2.5Nb compression specimens deformed at 700°C (pure α phase) retained the  
basket-weave Widmanstätten microstructure of the prior to deformation material. The grain 
distribution along both the radial and the compression direction is quite homogeneous. 
Promonotectoid α phase nucleated at the grain boundaries is evident in both samples deformed 
at this temperature. However, the samples deformed at 1000°C (pure β phase) and quenched 
developed a more complex microstructure consisting of a martensitic α´ matrix with islands of 
equilibrium α phase. No specific orientation of the martensitic needles can be observed in both 
samples along the radial direction, in accordance to the CP Ti results. A primary alignment of  
α needle along a fictional plane forming 45-50° with the compression direction can be assumed, 
but in all cases this was less obvious than in CP Ti. As with CP Ti, the Zr-2.5Nb compression 
microstructures were also characterized by a strong 1120 recrystallization texture. The 
1120 pole figures showed a main texture component along the compression direction and  
a secondary, less intense ring of circular symmetry, 55-65° from the compression direction. 
Their overall intensity increased with increasing temperature and decreasing strain rate, 
indicating a recrystallization texture. A 0002 deformation texture was also observed, but was 
considerably weaker than the recrystallization texture component. Two distinctive intensity 
areas were identified in the 0002 pole figure; one rotated 35-45° from the compression 
direction and one along the radial direction. The basal planes appear to rotate further from the 
35-45° from the compression direction towards the radial direction as strain rate decreased. This 
is more evident in the low temperature cases, where for high strain rate there was a high 
intensity circular area around the centre of the pole figure while for low strain rate this area  
is absent and a texture along the radial direction is observed. Thus it is thought that given 
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enough time, the basal 0002 planes might rotate normal to the compression direction and 
parallel to the radial direction. 
 
Overall, therefore, in comparing the materials the following observations can be made. In every 
case recrystallization was important. While in AA2014 and CP Mg the phenomenon was 
dominant, in CP Ti and Zr-2.5Nb cases the effect was less obvious. The reason was the 
allotropic transformation of the β phase that dictated the microstructure and texture of these 
materials. As temperature and the time that the material is held at elevated temperatures are key 
factors in both recrystallization and grain growth, both material temperature and strain rate were 
expected to have a strong effect on the developed microstructure and texture. Increased hot 
working temperatures and higher strain rates lead to more extended recrystallization since  
both caused higher material temperatures (the first directly and the later in-directly through 
adiabatic heating). Lower strain rates on the contrary translate to longer periods of the material 
at elevated temperature that promoted more complete recrystallization and more extensive grain 
growth. The effect is more intense when the two factors act simultaneously. 
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 Variable Strain Strain 
rate Temperature Grain Size (RD:CD) 
Aspect 
Ratio 
Texture 
hklmax (mrd) Comment 
A
A
2
0
1
4
 
Temperature 
0.6 10-3 400°C → 500°C 110x90x55 → 85x80x45 2 : 1.6 : 1 1.9 : 1.8 : 1 
Along the 110 pole 
3.54 → 2.10 
More extensive recrystallization. The 
AlCu2 precipitate population moves from 
the grain volume to the boundaries 
0.6 100 400°C → 500°C 80x100x45 → 120x95x40 2.2 : 1.8 : 1 3 : 2.4 : 1 
Along the 110 pole 
3.54 → 4.11 
Deformed prior-equiaxed grains along the 
CD. Coarser grains due to grain growth. 
Strain Rate 
0.6 10-3 → 100 400°C 110x90x55 → 80x100x45 2 : 1.6 : 1 2.2 : 1.8 : 1 
Along the 110 pole 
3.54 → 3.54 Extensive recrystallization 
0.6 10-3 → 100 500°C 85x80x45 → 120x95x40 1.9 : 1.8 : 1 3 : 2.4 : 1 
Along the 110 pole 
2.10 → 4.11 
More complete recrystallization and grain 
growth due to higher adiabatic heating 
C
P
 
M
g
 
Temperature 
0.6 10-3 300°C → 400°C 60x40 → 220x190 1.6:1.5:1 1.3:1.25:1 
Along the 0002 pole 
4.96 → 5.45 
Caused the deformed prior-equiaxed grains 
along the compression direction to 
recrystallize. Extensive grain growth. 
0.6 100 300°C → 400°C 25x20 → 105x100 1.3:1.2:1 1.1:1.1:1 
Along the 0002 pole 
5.69 → 5.17 
Fully recrystallized grains, highly coarsen. 
Twinning evidence  
Strain Rate 
0.6 10-3 → 100 300°C 60x40 → 25x20 1.6:1.5:1 1.3:1.2:1 
Along the 0002 pole 
4.96 → 5.69 
Extensive recrystallization resulted in fine 
equiaxed microstructure 
0.6 10-3 → 100 400°C 220x190 → 105x100 1.3:1.25:1 1.1:1.1:1 
Along the 0002 pole 
5.45 → 5.17 Extensive twinning 
C
P
 
T
i
 
Temperature 
0.6 10-3 800°C → 1000°C 140x67 → fine α 2.1:2:1 Along the 112
0 pole 
3.87 → 7.53 
Allotropic transformation of the equiaxed α 
grains to fine martensitic phase 
0.6 100 800°C → 1000°C 60x33 → coarse α´ 1.85:1.8:1 Along the 112
0 pole 
2.76 → 3.67 Same as above. Slightly finer martensite 
Strain Rate 
0.6 10-3 → 100 800°C 140x67 → 60x33 - Along the 112
0 pole 
3.87 → 2.76 
Recrystallization of the central volume of 
the specimen due to higher shear 
0.6 10-3 → 100 1000°C fine α´ → coarser α´ - Along the 112
0 pole 
7.53 → 3.67 Martensitic α´, 45° towards CD 
Z
r
-
2
.
5
N
b
 
Temperature 
0.6 10-3 700°C → 900°C laths 1.5x9 → 1.5x9 6:1:1 Along the 112
0 pole 
2.24 → 2.75 
Transformation of the basket-weave 
Widmanstätten in martensitic α´ matrix 
with islands of equilibrium α phase 
0.6 100 700°C → 900°C laths 1.5x9 → α´ 1-3 6:1:1 Along the 112
0 pole 
2.72 → 2.81 As above.  
Strain Rate 
0.6 10-3 → 100 700°C laths 1.5x9 - Along the 112
0 pole 
2.24 → 2.72 - 
0.6 10-3 → 100 900°C α´ 1-3 - Along the 112
0 pole 
2.75 → 2.81 Higher portion and bigger size of α phase 
 
Table 9-1  Effect of strain rate and temperature on the microstructure and texture of AA2014, CP Mg, CP Ti and Zr-2.5Nb compression samples.
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9.2  Extrusion 
 
The effect of the forming parameters on the microstructure and texture of the examined 
materials can be found in Table 9-2 (p.301). 
 
It is clear from both experimental and simulated data that the bulk flow of AA2014 during 
extrusion was strongly affected by all the factors examined. The tendency of hot aluminium to 
stick on the steel tooling was dominant. The high thermal conductivity of the material renders 
this effect even more intense.  
 
While coarse deformed equiaxed grains characterized the DMZ material of all AA2014 
extrusion cases, the intense strain developed along the shear plane forced the grains to shear and 
elongate along the flowing material-DMZ interface giving them the characteristic needle-like 
form of extrusions. The grain size was found to be affected by both shear strain and temperature 
of the material; the more intense the shear and the lower the temperature the finer the developed 
microstructure. The different press set up used in the production of rod and tubes also affected 
the extrudate microstructure, with the grains being considerably more elongated along the 
extrusion direction in the tubes rather than in rods. This was attributed to the use of a moving 
stem during the tube production that restricted the material near the central axis of the billet and 
that promoted higher compressive strains along the radial direction and tensile along the 
extrusion direction. The low strains and high temperature observed in the central area of the 
deforming billets promoted the formation of coarse microstructure of needle like form, in both 
rod and tube cases. The grains appeared slightly pancaked along the radial direction and 
elongated along the hoop and even more along the extrusion direction. The microstructure in the 
inner part of the extrudate followed the same trend, but it was slightly finer. Evidence of 
recrystallization were identified in the outer layers of the extrusion products due to the  
high strains developed in the die entrance area in conjunction to the high temperature caused  
by adiabatic heating. The phenomenon was more intense in the HER rod sample as both  
total strain and temperature were higher. Both tubes developed coarser microstructure than the 
rods as the higher shear strain and temperature increase caused more extended recrystallization 
and grain growth.  
 
Both rod and tube shear samples exhibited a similar duplex 111 and 100 deformation 
texture, with FD tube pole figures exhibiting the strongest grain orientation. The intensity 
decreased as we moved on HER rod, CD tube and LER rod specimens. It was observed  
that when the shear strain was low, the 100 planes aligned parallel to the shear plane, while  
as the shear strain increased they rotated 30° from the pole axis (some other further to 90°)  
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and 30° from the material flow direction. Apart from the duplex deformation texture, a strong 
110 recrystallization texture was also observed in all cases. The majority of the peaks  
were along the pole axis, while a secondary component was found rotated 60° from the  
pole axis, towards the shear plane and normal to the direction of the flowing material. 
  
The extrusion products developed the same texture type with the shear zone specimens, 
although much stronger. HER rod developed the strongest texture with the FD tube, CD tube 
and LER rod to follow. The main texture component in the HER rod was the 111 along the 
transverse direction, while there was a second component that favoured the 100 planes also 
along the transverse direction and a weaker third with the 110 planes parallel to the extrusion 
and normal to the radial direction. In the FD tube the main texture component was again the 
111 along the transverse direction, while the secondary texture component was the 110 and 
not the 100 (as in HER rod). On the contrary, in the CD tube the main texture component 
places the 110 planes along the extrusion direction and 30° from the radial direction, while 
the 111 was the secondary texture component. The considerably higher intensity of the 111 
texture for HER rod and FD tube indicates higher levels of deformation in these cases. 
  
As with AA2014, the material flow of CP Mg during extrusion was also affected by all the 
examined factors, but mainly by the different extrusion setup used in the production of rods and 
tubes. The geometry of the die and the extrusion ratio were found to influence the process less.  
 
In both rods and tubes the effect of recrystallization was dominant. Coarse α grains were 
identified in the central part of the rods, while near their edges the microstructure was finer. 
Finer recovered α grains characterized the tubes, as a result of the higher shear developed during 
tube extrusion that caused the grains to fully recrystallize. The twinning traces observed near the 
outer layers of the FD tube were also indicators of the high deformation that the material 
experienced. In all cases the grains were only slightly elongated along the extrusion direction 
and did not exhibit the classic extrusion fiber form.  
 
The dominant shear zone texture was the basal 0002. The texture increased as we moved 
from LER rod to HER rod, CD tube and FD tube, respectively. In the FD tube specimen the 
majority of the 0002 peaks were found parallel to the pole axis, while in the CD tube apart 
from the main 0002 component a secondary set rotated 20-30° towards the transverse 
direction was also observed. In both HER and LER rod cases all peaks were rotated  
20-30° towards the transverse direction. It is believed that as the extrusion ratio and the shear 
strain increases an increasing number of crystals tend to rotate so that their basal planes lay 
parallel to the shear plane. On the contrary as the extrusion ratio and the shear strain decreases 
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the crystals become less strongly aligned and appear more scattered, rotated mainly towards the 
transverse direction. At the same time a smaller number of them appear inclined towards the 
shear direction. The fact that the dominant texture component was the basal 0002 indicated 
that the deformation of the material was mainly accommodated by slip. 
 
The texture developed in the extrusion products was similar to the one in the shear zone, with a 
main 0002 and a secondary 1120 component. The intensity of the texture decreased in 
order from the FD tube to the CD tube, HER rod to LER rod, respectively. The majority of the 
basal plane normals of the FD and CD tubes were preferentially aligned along the pole axis, 
while in the latter case a small fraction of them was found slightly rotated towards the extrusion 
direction. The basal pole normals of the LER rod were rotated towards the extrusion direction 
and formed a 60° funnel with the transverse direction. Finally, in HER rod the maxima were 
located in four peaks symmetrically inclined 20-30° around the pole figure axis.  
 
From both microstructural and texture findings becomes apparent that the billet pre-heat 
treatment had a detrimental effect, causing recrystallization and grain growth. The high thermal 
conductivity of magnesium was expected to cause excessive heat dissipation from the billet to 
the tooling materials, leading to high heat losses and chilling of the billet. However, this was not 
observed. The reason was the minor temperature difference between the billet and the tooling 
that gave to the process a more isothermal character. A lower pre-heat temperature could  
be used in order to minimize recrystallization but that would not be enough to totally avoid  
the phenomenon, since magnesium and CP Mg in particular is very prone to recrystallization.  
A lower, more appropriate tooling temperature is recommended to minimise and/or even  
avoid this problem. 
 
From the microstructural analysis of the DMZ areas of the partially extruded CP Ti billets it was 
found that the material deformed below the β transus during the tube extrusions, whilst it was 
above the transus in the rod cases. This is in accordance to the recrystallized β structure 
observed in the rods, with coarse α grains near their centre and much finer near their surface, 
and the large recovered α grains, surrounded by finer α grains of the tubes. In both tube cases 
the microstructure was strongly elongated along the extrusion direction showing a fiber form.  
 
The strongest texture observed in a shear zone specimen was the FD case. The intensity became 
less intense as we moved to HER rod, LER rod and CD tube cases respectively. The pole 
figures of the FD tube, HER and LER rods all exhibit a 0002 texture along the shear zone 
plane and towards the die orifice. The CD tube specimen however developed a more 
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complicated texture, with the majority of the 0002 plane normals along the shear zone plane 
and six secondary peaks 25-30° from the pole axis.  
 
The FD tube and the HER rod developed considerably stronger texture than the LER rod and 
the CD tube as a result of the higher shear, load and grain refinement that characterize these 
cases. In both cases the dominant component was a strong 0002 texture along the transverse 
direction. The considerably more intense extrusion texture of the HER rod compared to the one 
in FD tube is very interesting, since both were formed under the same extrusion ratio and with 
the same initial billet temperature. The HER rod pole figure indicated that a 1:1 variant selection 
occurred during the β → α transformation and thus only one sharp 0002 texture developed. 
The number of poles in the LER rod specimen suggests that the material deformed in the  
β phase and that the { }110  planes were aligned parallel to the transverse direction of the rod. 
Afterwards, as the material cooled down and the β → α transformation took place with the 
110 planes aligned parallel to the 0002
 planes. The weaker texture development during 
the tube extrusion through a conical die was related to the less intense shearing compared to  
the FD tube and HER rods cases.  
 
The use of the cold stem during the tube production was proved to have the strongest effect on 
the process. A greater preheat has to be used on the stem and the billet in order to prevent the 
material from cooling below the β transus during deformation.  
 
The microstructure analysis of Zr-2.5Nb suggests that the material was deformed in the  
α+β phase field during the tube extrusions and higher, in the upper α+β region or β phase during 
the rod production. Both the material temperature and the cooling rate were shown to have  
a strong effect on the microstructure development. When the material deformed in the β phase, 
slow cooled in the die for some time and then water quenched (DMZ area in the FD tube case)  
a fine basket-weave structure was formed. When directly quenched from the β phase a typical 
α+β microstructure was produced. Deformation in the high α+β phase field, air cooling for a 
brief time and then quenching promoted a fine microstructure comprising of elongated α grains 
and fine basket-weave structure between them. When the material was slow cooled in the die 
and then water quenched after working in the α+β phase field a Widmanstätten α structure 
formed from the α film found along the grain boundaries. The coarser structure identified in  
the CD tube was attributed to the lower strain and the consequently lower adiabatic  
heating involved. 
 
The shear specimen pole figures exhibit two components of basal 0002 texture; the main 
located 25-35° and the secondary 90° from the axis of the pole figure and towards the transverse 
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direction. The maximum intensity was observed in the LER rod case while the minimum in the 
FD tube. Since the predicted shear strain was similar for all three cases, the difference in texture 
must be related to the material temperature. As aforementioned the tubes deformed lower in the 
α+β field than the rod. Consequently, this difference might be attributed to the different slip 
systems operating in the β phase of the α+β amalgam.   
 
As before, all extrudates developed a duplex 0002 texture, with main texture component  
a number of basal plane normals rotated 25-35° from the pole axis and towards the transverse 
direction. The orientation is stronger in the LER rod and less intense in the FD and CD tubes. 
Two secondary components were also observed; the first was a number of basal plane normals 
aligned parallel to the transverse direction and the second one parallel to the extrusion direction. 
The fraction of the basal plane normals inclined along the transverse direction was larger for the 
LER rod and decreases as we move to the CD tube and even further to the FD tube. This is in 
contrast to the literature [1, 2], according to which the fraction of basal plane normals inclined 
toward the transverse direction increases with the extrusion ratio. This was thought to be related 
to the strong effect that the crystallographic orientation of the as-received material has on the 
final product. A small fraction of basal plane normals was found along the extrusion direction in 
both FD and CD tubes, with the number being larger in the latter case. According to the 
literature [3, 4] the basal pole fraction along the extrusion direction increases with quenching, 
decreasing extrusion ratio and with extrusion temperature. As the temperature of the two tubes 
was nearly the same and both tubes were quenched after extrusion, the stronger texture along 
the extrusion direction observed in the CD tube has to be related to the slightly lower strain rate 
used compared to the FD case, probably via the lower temperature that was a consequence of 
the reduction in adiabatic heating. 
 
As with CP Ti, both the microstructure and texture analyses imply that the use of the cold stem 
during tube production had a dominant effect on Zr-2.5Nb processing. A higher and more 
uniform tooling temperature would prevent excessive cooling of the material, compensated with 
a lower billet temperature would help ensure that the material deformed in the high α+β phase 
field. Subsequent spray quenching of the tube as it exits the die would then result in the desired 
microstructure of elongated α grains surrounded by thin ligaments of β. 
 
Therefore, the following observations can be made. In AA2014 extrusions recrystallization was 
important, while in CP Mg the phenomenon became dominant. In both CP Ti and Zr-2.5Nb 
cases the effect was minimal. In AA2014 recrystallization mainly occurred near the outer layers 
of the extrusion products due to the high strains developed in the die entrance area and along the 
die entrance radius. The sticking friction conditions between aluminium and steel have a key 
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role as they promote excessive shearing of the billet material that is in contact with the tooling. 
The phenomenon was more intense in the HER rod case since both the strain and temperature 
developed were high. Both LER and HER CP Mg rods exhibit coarse nearly-equiaxed grains as 
a result of extended grain growth. CP Mg tubes on the contrary developed fully recrystallized 
equiaxed grains as a result of the higher strains that the material experiences during  
tube extrusion compared to rod production. In all cases the billet pre-heat treatment had  
a detrimental effect.  
  
The dominant fabrication parameter in both CP Ti and Zr-2.5Nb was proved to be the use of  
a cold stem during the tube production. The effect was both direct and in-direct. Directly the 
stem restricted the billet along the central billet axis and caused an increase in both compression 
strains along the radial and the tensile strains along the extrusion directions. Indirectly, it caused 
a substantial chilling of the billet. This forced the billet material to deform in the lower α+β 
phase filed, in contrast to the material in the rod cases that deformed in the high α+β/β phase. 
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 Variable ER Shear Strain 
Tin 
(°C) 
Tshear 
(°C) 
Textr 
(°C) 
Grain Size 
(ED:TD:RD) 
Aspect 
Ratio 
Texture Comment on 
microstructure pole hklmax (mrd) 
A
A
2
0
1
4
 
Extrusion 
Ratio 
3.27 
↓ 
8.86 
0.78 
↓ 
1.23 
550 
411-421 
↓ 
421-435 
436-438 
↓ 
437-441 
228x43x39 
↓ 
228x32x26 
5.9 : 1.1 : 1 
↓ 
8.8 : 1.2 : 1 
111 
100 
110 
6.5 (HD) → 22.0 (HD) 
2.8 (50-60° HD) → 18.5 (HD) 
3.3 (RD) → 8.0 (RD) 
Finer and more elongated 
fiber grains. Evidence of 
recrystallization in HER 
Rod 
vs 
Tube 
8.86 
↓ 
8.85 
1.23 
↓ 
0.97 
550 
421-435 
↓ 
367-379 
437-441 
↓ 
353-361 
228x32x26 
↓ 
228x65x17 
8.8 : 1.2 : 1 
↓ 
13.4 : 3.8 : 1 
111 
100 
110 
22.0 (HD) → 9.0 (HD) 
18.5 (HD) → 6.5 (50-60° HD) 
8.0 (RD) → 9.0 (RD) 
Grains get more elongated 
along the HD and more 
compressed along the RD 
Die 
Shape 
8.85 
↓ 
7.05 
0.97 
↓ 
2.06 
550 
367-379 
↓ 
351-361 
353-361 
↓ 
346-350 
228x65x17 
↓ 
228x91x24 
13.4 : 3.8 : 1 
↓ 
9.5 : 3.8 : 1 
111 
100 
 
110 
9.0 (HD) → 5.0 (HD) 
6.5 (50-60° HD) 
→ 3.0 (50-60° HD) 
9.0 (RD) → 3.5 (RD) 
Coarser, less elongated 
grains developed in CD as 
a result of the lower strain 
and temperature conditions 
C
P
 
M
g
 
Extrusion 
Ratio 
3.27 
↓ 
8.86 
1.25 
↓ 
1.5 
550 
↓ 
500 
390-400 
↓ 
330 
400-410 
↓ 
340 
62x89x71 
↓ 
55x110x74 
0.9 : 1.3 : 1 
↓ 
0.7 : 1.5 : 1 
0002 
5.3 (20-30° ED) 
→ 4.5 (20-30° ED) 
Coarse, equiaxed grains. 
Finer recrystallized near 
the outer layer of HER. 
Rod 
vs 
Tube 
8.86 
↓ 
8.85 
1.5 
↓ 
1.75 
550 
↓ 
450 
330 
↓ 
300 
340 
↓ 
290 
55x110x74 
↓ 
31x31x24 
0.7 : 1.5 : 1 
↓ 
1.3 : 1.3 : 1 
0002 4.5 (20-30° ED) → 8.8 (RD) 
Considerably finer, fully 
recrystallized grains 
developed in FD tube. 
Die 
Shape 
8.85 
↓ 
7.05 
1.75 
↓ 
1.75 
450 
↓ 
400 
300 
↓ 
290-300 
290 
↓ 
280-290 
31x31x24 
↓ 
33x35x29 
1.3 : 1.3 : 1 
↓ 
1.1 : 1.2 : 1 
0002 8.8 (RD) → 7.8 (RD) 
No profound difference. 
Evidence of twinning in the 
higher strain case of FD. 
C
P
 
T
i
 
Extrusion 
Ratio 
3.27 
↓ 
8.86 
1.14 
↓ 
1.58 
1050 
1049 
↓ 
1048 
1054 
↓ 
1053 
Colony α, elongated 
along the ED (a) - 0002 2.4 (RD) → 16.1 (RD) 
Slightly finer 
microstructure in HER. 
Rod 
vs 
Tube 
8.86 
↓ 
8.85 
1.58 
↓ 
1.25 
1050 
1048 
↓ 
963 
1053 
↓ 
945 
a type 
↓ 
b type 
- 0002 16.1 (RD) → 11.6 (RD) 
CP Ti deformed below the 
β transus in tubes, whilst 
above the transus in rods. 
Die 
Shape 
8.85 
↓ 
7.05 
1.25 
↓ 
1.27 
1050 
963 
↓ 
957 
945 
↓ 
917 
Large recovered α 
surrounded by finer 
α (b) → finer 
- 0002 
11.6 (RD) 
→ 3.1 (35-45% RD) 
Minor changes. Slightly 
finer in CD tube case. 
Z
r
-
2
.
5
N
b
 
Rod 
vs 
Tube 
8.86 
↓ 
8.85 
1.10 
↓ 
1.11 
1000 
1004 
↓ 
916 
1011 
↓ 
870 
Colonies of // α → 
Elongated along ED 
α (both surrounded 
by thin β) 
- 0002 4.5 (RD) → 8.8 (RD) Grains become finer and 
more of needle-like form. 
Die 
Shape 
8.85 
↓ 
7.05 
1.11 
↓ 
1.24 
1000 
916 
↓ 
897 
870 
↓ 
860 
Elongated along ED 
α, surrounded by 
thin β → Deformed 
basket-weave 
- 0002 2.5 (RD) → 2.8 (RD) 
Finer microstructure 
characterizes the FD tube 
as a result of the higher 
radial strain. 
 
Table 9-2  Effect of the forming parameter on the microstructure and texture of AA2014, CP Mg, CP Ti and Zr-2.5Nb extrudates.
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9.3  Scale-up to Industrial Pressure Tube Fabrication  
 
In order to investigate how to scale up the extrusion trials conducted in this project to those  
used in industrial practice, as also in an attempt to evaluate the stability of the process,  
a carefully selected simulation matrix was structured. Each simulation case focused in the effect 
of one of the critical process parameters, namely; the initial billet temperature, the billet 
dimensions and the extrusion ratio used. In all cases a ram speed of 10 mm.s-1 was used. The 
cases examined can be found in Table 9-3, while the breakthrough and the steady state loads, 
the work induced in the material during deformation and the temperature increase in the  
tube products are summarized in Table 9-4. 
 
  
Table 9-3  Simulation matrix used for scaling up of the extrusion trials to the size used in  
industrial practice. 
 
 
Table 9-4  Extrusion load, work induced to the material and temperature increase in the produced 
tubes for all the examined extrusion cases.  
Case Billet (mm) Tube (mm) ER Tin (°C) Description id od id od 
1  35 75 35 41.25 8.85 1000 Base case in extrusion trials 
2 
a 52 76 52 55.25 8.81 600 Bigger billet and tube size, same extrusion ratio 
and tube wall thickness (as in case1) b 52 76 52 55.25 8.81 800 
c 52 76 52 55.25 8.81 1000 
3  52 76 52 56 7.11 1000 Bigger tube outer diameter (same as in case 2), higher wall thickness, lower extrusion ratio 
4  52 84 52 55.25 12.49 1000 
Bigger billet outer diameter, same inner 
diameter (as in cases 2 and 3), same tube (as in 
case 2), higher extrusion ratio 
5 
a 52 84 52 56 10.07 600 Actual pressure tube dimensions; bigger billet 
outer diameter (same as in case 4), bigger tube 
outer diameter (same as in case 3), high 
extrusion ratio. Extruded through FD 
b 52 84 52 56 10.07 800 
c 52 84 52 56 10.07 1000 
6 
a 52 84 52 56 10.07 600 Actual pressure tube dimensions; bigger billet 
outer diameter (same as in case 4), bigger tube 
outer diameter (same as in case 3), high 
extrusion ratio.  Extruded through CD 
b 52 84 52 56 10.07 800 
c 52 84 52 56 10.07 1000 
Case Tin (°C) Tout (°C) ∆Tin-out (K) 
Breakthrough 
Load (MN) 
Steady 
State 
Load 
(MN) 
Work 
Done 
(MJ/m3) 
Work 
done as  
∆T (K) 
∆T to 
Case 1 
(K) 
1  1000 855 -145 3 4 876 274 - 
2 
a 600 856 +256 31 18 8028 1998 +1 
b 800 862 +62 20 19 6314 1255 +7 
c 1000 880 -118 12 13 4215 529 +25 
3  1000 889 -111 9 11 3453 879 +34 
4  1000 887 -113 15 15 3866 445 +32 
5 
a 600 868 +268 44 25 8412 1240 +13 
b 800 880 +80 23 21 5686 750 +25 
c 1000 924 -76 13 14 3696 475 +69 
 a 600 764 +164 71 30 3373 1609 -91 
6 b 800 807 +7 48 23 5903 241 -48 
 c 1000 831 -169 25 15 4060 165 -24 
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From the results of Table 9-4, the following observations can be made. In all cases, most of  
the work done disappears as heat into the die and tooling. Even where the extrusion loads  
are quite high this is the case, c.f. case 2a, meaning that the tube die exit temperatures are  
quite stable. Scaling up to a bigger tube, with the same extrusion ratio and tube wall thickness 
(cases 1 and 2c) requires a much higher press capacity, with peak/steady state loads of 3/4 MN 
and 12/13 MN respectively. The die exit temperature was very similar in both cases, since it 
was found to be only 25 K higher in the bigger billet case (2c). However, this difference can be 
significant if working near the transus temperature of ~850 °C. Thus modeling of the process 
and/or extrusion trials are recommended. 
 
The process was proven stable even to large changes in the initial temperature of the billet in 
terms of tube die exit temperature (cases 2a-c). However, the tube microstructures and textures 
are expected to be strongly affected by the billet initial microstructure, especially whether  
the deformation takes place above, below or in the transus region. The extrusion load  
increases significantly if the billet is cold and hence strong, with breakthrough loads increasing 
from 12 MN to 31 MN as billet temperature drops from 1000°C to 600°C (cases 2a-c). 
However, the fundamental stability of the process exhibited here is encouraging in that it 
implies that limited amounts of billet chilling on transfer from the pre-heat furnace to the 
extrusion press are not critical and that the process is stable to small variations.   
 
Moving to a higher wall thickness tube, which lowers the extrusion ratio (cases 2c and 3), 
caused only a small change in the die exit temperature, but it decreased the extrusion load (from 
12 MN to 9 MN) and the strains imparted into the tube material. Given the high strains involved 
and the dominance of recrystallization and phase transformation this is felt to be non-critical. 
 
Increasing the billet size (by increasing the outer diameter of the billet and keeping the inner 
diameter constant) (cases 2c and 4), while using the same die orifice (in order to produce 
identical tubes) increases the extrusion ratio and thus the extrusion load. Although the billet 
temperature in the shear zone increased, the die exit temperature is similar to the smaller billet 
case. This is attributed to the increased thermal losses along the die entrance and bearing faces. 
 
The simulations of the real pressure tubes (case 5), showed a significantly higher die exit 
temperature (+69 K compared to case 1 and +35 K to case 3) and again a process where 
relatively little energy is lost as heat from the press. 
 
Commercial pressure tubes consist of recrystallized α phase, implying a die exit temperature 
below the transus and nearly in the pure α region field. The trials above suggest that no matter 
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how low the billet temperature is, at these extrusion rates, a die exit temperature below the 
transus is not attainable while using a flat faced die. 
 
The CD tube trials in Chapter 8 showed that using a conical die resulted in lower extrusion 
loads and die exit temperatures, at a cost however in strain, texture development and process 
stability. Thus case 5 was repeated using a conical die (case 6), that is believed to be closer to 
the industrial situation. This resulted in die exit temperatures of about 830°C, ~90°C lower than 
the FD case, with manageable breakthrough and steady state extrusion loads (25/15 MN). 
 
Therefore the industrial process parameters can be rationalized as arising from a requirement  
to produce product in the α or low α+β region, with reasonable extrusion loads and furnace 
temperatures. This comes at expense of process stability, strain levels and texture strength 
compared to the FD case. 
 
The Indian fabrication route (page 75, paragraph 2.5.5.1), intentionally uses a lower extrusion 
ratio, produces less elongated α grains and weaker basal 0002
 textures. The Canadian 
pressure tube fabrication strategy has been to produce a poly-crystal tube which is as near as 
possible to a single crystal in terms of grain length and 0002 pole orientation. The difference 
in philosophy prompts one to consider what features in the microstructure promote creep 
resistance, such as what features prevent dislocation transmission through the microstructure1. 
The CANDU texture optimisation philosophy aims to maximise the 0002 hoop texture, on the 
basis that this maximizes the  dislocation strength in the hoop direction, minmising diametral 
creep. However, this feature will depend mostly on the tube thermal history and less strongly on 
the tube orientation distribution. Other strengthening mechanisms apart from the β film might to 
be due to the grain size (hence the fine grain size) and the grain boundary strength. If this is the 
case, grain misorientation and lower α grain volume should both promote creep strength. 
Therefore a less extreme texture would give a greater dispersion in grain misorientations, 
greater grain boundary strength and improved creep resistant, which would make the “Indian 
processing route” philosophy more attractive. From a forming point of view, lower extrusion 
ratios are also more favourable since they require lower extrusion loads. This feature  
also favours the “Indian route”.     
                                                 
1
 Recently, much attention has been paid to the heavily Nb-enriched inter-granular β films and to the 
potentially strengthening role that ω phase within these films might play. Relatively small scale particles 
are thought to dissolve under irradiation and therefore to be ineffective, but since ω phase can form 
without long-range diffusion they presumably will re-form. Their assumed ability to absorb defects into 
the ω/β interface is also believed to reduce the dislocation density, ρm, and hence according to Orowan [5] 
the creep strain rate, vb mρε =&  (where ε&  the creep strain rate, b  the Burgers vector and v  the velocity 
of the mobile dislocation). However, this feature will depend mostly on the tube thermal history and less 
strongly on the tube orientation distribution.  
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10.0   
Chapter 10 – Conclusions and Further Work 
 
10.1  Introduction 
 
The aim of this work is to improve our understanding of how the fundamental physical 
metallurgy affects the microstructures and textures developed in hexagonal materials during the 
conventional forward hot extrusion of rods and mainly tubes. In order to achieve a better 
understudying of the extrusion process the commercial deformation package FORGE®2008 
was used. Its ability to successfully simulate the rod and tube production was also investigated. 
Based upon the insight generated, the following conclusions can be drawn, regarding how  
the variability within and between pressure tubes can be minimised, as also how texture  
and microstructure can be tailored by changing the process parameters. 
 
 
10.2  Modelling of Extrusion and Compression Testing 
 
The commercial deformation package FORGE®2008, originally developed for the simulation 
of hot, warm and cold forging operations was shown to able to successfully simulate  
the conventional hot forward extrusion process for the production of both rods and  
tubes. The importance of the ability to perform coupled calculations for deformation and heat 
transfer, including friction and especially the essential aspect of automatic meshing and  
re-meshing of the deformation piece during computation are highlighted. The quality of the 
input data were found to be especially critical for the attainment of accurate simulation results, 
particularly the rheology of the deforming material, as well as the thermal and friction 
conditions between the components.  
 
A number of isothermal compression and ring compression tests were conducted. From the 
texture and microstructure analysis of the isothermally-compressed samples the strong effect 
that the strain rate has on the deformation of the material was noted. In both CP Mg and  
Zr-2.5Nb compressions flow softening was observed, while in the CP Ti case dynamic 
recrystallization (DRX) occurred at 700°C and 800°C. Evidence of recrystallization was found 
in all AA2014 compression samples. The phenomenon was more intense in the higher 
temperature case. This is in accordance to the strong 110 recrystallization texture identified. 
In all cases high population of AlCu2 precipitates was observed. At low temperatures, 
precipitates were found both in the grain boundaries and the volume of the grains, while at 
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higher temperatures a higher fraction of precipitates was found along the grain boundaries than 
in the grains, due to the prolonged time that the sample was held at elevated temperatures. The 
grain size of the CP Ti compression samples was found to vary within the workpiece,  
with relatively coarse grains near the workpiece-ram interface and finer recrystallized  
grains in the maximum shear zone of the material. The occurrence of the allotropic phase 
transformation between the high and low examined temperatures is evident in both CP Ti and 
Zr-2.5Nb. A strong 1120 recrystallization texture developed in CP Ti along with a less  
strong 0002 component along the radial direction. The latter was stronger for high 
temperatures, and was attributed to the 110 → 0002	 transformation. No specific 
orientation of the martensitic needles was observed in the high temperature Zr-2.5Nb samples 
along the radial direction, in accordance to the CP Ti results. A primary alignment of α needles 
along the maximum shear plane 45-50° from the compression direction was observed, but in all 
cases this was less obvious than in CP Ti. A strong 1120 recrystallization texture 
characterized all the Zr-2.5Nb specimens.  
   
The friction coefficient between copper clad Zr-2.5Nb and tool steel was experimentally 
measured using a compression ring test. It was found to be between 0.2-0.25 in the low 
temperature/high strain rate cases of 700°C-ε&  100 and around 0.35 in the high temperature/low 
strain rate case 900°C-ε&  10-3. This difference is attributed to the bonding of copper to Zr-2.5Nb 
at higher temperatures and was observed through post-test examination of the compressed 
specimens. This value is very close to the 0.2 Tresca coefficient that the Deltaglaze exhibits and 
that was used in the model. This means that even if the Deltaglaze film covering the deforming 
billets does not flow uniformly along the billet and tooling interface, the friction coefficient 
would not change dramatically.  
 
Partially-extruded split billets with an engraved fiducial grid were used to validate the material 
flow pattern predicted by the model, along with the load-displacement curves measured from 
the extrusion press. From these results it can be suggested that FORGE®2008 can successfully 
simulate both rod and tube extrusions and give an insight of the material flow during the 
fabrication process. Invaluable data such as the stress, strain, strain rate, temperature and 
material velocity can be predicted with adequate accuracy. A small discrepancy was observed 
between the experimental and the simulated extrusion load during the filling step of the 
container in some of the extrusion trials. This is attributed to the eccentric placement of the 
extrusion billet in the container during the extrusions while in the simulations the billet  
is aligned perfectly in the centre of the container, leaving a uniform annulus between the  
outer surface of the billet and the container liner. The inability to account for this issue  
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is intrinsic to the axisymmetric modelling approach and it was not intended to examine this 
minor experimental feature in this study.        
 
For longer extrusions, heat flow in the container and die should be modelled since this  
will change the cooling conditions in the billet, which might prove detrimental to the  
extrusion product properties. In addition, overheating of the die and stem and potentially,  
the container, might be detrimental to those parts.  
 
 
10.3  Extrusion Ratio and Geometry 
 
Both examined parameters; extrusion ratio and geometry, have a profound effect on the  
material flow and the extrusion product microstructure and texture. Some general observations  
can be made.  
 
In the low extrusion ratio (LER) rod extrusion not enough strain is induced to the material and 
thus recrystallization is observed only in some of the examined cases. The shear zone textures 
particularly are not as distinct as during the high extrusion ratio (HER) rod trials.  
 
A high extrusion ratio (HER) provides enough strain for a true high shear process resulting in 
microstructures and textures similar to those found in the literature. The higher deformation is 
evident from the properly deformed central area of the produced rod, in contrast to the nearly 
un-deformed central region identified in the LER rod extrusions. 
 
Even though the same extrusion ratio was used during the flat die (FD) tube and the HER rod 
extrusions, the process is massively affected by the cold stem and thus considerably different 
observations are made. Good textures and microstructures were generally obtained, and for the 
Zr-2.5Nb case, similar to those obtained in the as-extruded commercial pressure tubes (prior to 
cold working and anneal). The tubes fabricated through the FD die exhibit the stronger textures. 
 
Tubes extruded through a conical die (CD) do not have a properly defined shear zone, so 
considerably less redundant work is introduced into the material and less adiabatic heating takes 
place. These result in incomplete recrystallization, less well defined microstructures and softer 
textures. Thus, less control over temperature is achieved.  
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10.4  Aluminium 
 
The tendency of aluminium to stick on hot steel surfaces in the absence of lubrication appears to 
have a dominant effect on AA2014 extrusions. The high thermal conductivity of the material 
makes this effect even more intense. The use of a cool stem during the tube extrusion is evident 
but not as strong as in the high extrusion temperature cases of Zr-2.5Nb and CP Ti. An extended 
dead metal zone (DMZ) and a well defined shear zone are evident in all cases, even to some 
extent in the CD tube case. As a result high surface quality is achieved while no evidence of 
impurities in the extrudate were observed. The intense strain developed along the shear plane 
forced the grains to shear and elongate along the flowing material-DMZ interface giving them 
the characteristic needle-like form observed in extrusions. The grain size is affected by both 
shear strain and temperature of the material. The more intense the shear and the lower the 
temperature, the finer the developed microstructure is. Extended recrystallization took place, 
giving rise to a coarse grain size even in HER rod and FD tube. AlCu2 precipitates  
were observed in both the grain boundaries and the volume of the grains but did not 
significantly inhibit recrystallization. All AA2014 extrusions exhibit a strong duplex 111 and 
100 deformation texture and a 110 recrystallization texture. HER rod has developed the 
strongest texture. Its main texture component was with the 111 planes along the extrusion 
direction of the rod, while there is a second component that favours the 100 planes at  
the same orientation. An even less strong third component was with the 110 planes parallel  
to the radial direction. 
 
10.5  Magnesium 
 
The bulk flow of the CP Mg during extrusion is affected by the high friction conditions between 
the billet and the press tooling, but not to the same extent as with AA2014. A good surface 
quality was achieved. Both rods and tubes have undergone extensive recrystallization. This 
caused the grains in the LER rod to be as coarse as the material in the DMZ of the  
semi-extruded billet. The microstructure of the HER rod is much finer near its outer surface but 
the central area of the rod is relatively un-sheared and still exhibits large recrystallized grains. 
Both tubes possessed microstructures that were much finer and more homogenous across the 
tube cross section than the rod extrusions. Twinning was observed in the HER rod and the  
FD tube, attributed to the thermal strains developed upon cooling. The texture developed in the  
CP Mg extrudates is strongly related to the texture developed in the maximum shear zone, with 
a main 0002 and a secondary 1120 component. The intensity of the texture increases as we 
move from LER rod ,to HER rod, CD tube and FD tube respectively. The majority of the basal 
plane normals of the tubes were preferentially aligned parallel to the radial direction of the tube 
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and slightly rotated towards the hoop direction, as expected from literature [1]. The 0002 
plane normals in LER rod were found near the radial direction and slightly rotated towards the 
extrusion direction, while in HER rod four poles developed; again relatively near the radial 
direction but also inclined towards the extrusion direction. It is clear from both microstructure 
and texture analysis that the billet pre-heat temperature has a dominant effect on the process, 
causing extensive recrystallization. The minimal heat losses of the billet to the tooling due the 
small temperature difference between the two made the effect more intense. The effect of the 
cooler stem used during the tube production is evident but not as strong as in the high 
temperature cases of zirconium and titanium. 
   
 
10.6  Titanium 
 
The use of lubrication during the CP Ti extrusions resulted in considerably lower friction than in 
AA2014 and CP Mg. However, this results in a poorer surface finish. Macroscopic examination 
of the semi-extruded billets indicates that the Deltaglaze coating applied to the billet does not 
result in a continuous film around the workpiece during the extrusion process, since it becomes 
discontinuous in the area near the material flowing-DMZ zone and the die bearing. Thus friction 
increases during the process. The central volume of the LER rod was characterized by a colony 
α microstructure, while at the outer surface a very fine equiaxed α structure was found that 
transformed from very small prior β grains that recrystallized but did nor grow. The HER rod 
developed a similar microstructure but considerably finer near the surface. The level of 
deformation in the central part of both the LER and HER rods was not adequate. No similar 
problem occurred in the FD tube, where the microstructure was much more homogenous but 
with some evidence of very long un-recrystallized prior β grains. The overall α structure was 
very fine. The CD tube had a similar microstructure but, since less shear occurred, a higher 
fraction of elongated, un-recrystallized grains were found. The pole figures of the FD tube, HER 
and LER rods indicate a 0002 texture along the shear direction, while the CD tube specimen 
had its main 0002 plane normals fraction to the shear zone plane with six secondary maxima 
25-30° from the pole axis. The shear zone textures, become stronger as we move from CD tube 
to LER rod, HER rod and FD tube, respectively. Since the first shear is similar for all cases, 
according to the simulated data, it is believed that the second shear has to be very severe to 
provide the 0002 texture desired. The low shear situation resulted in a β → α variant 
transformation texture with many poles near the radial direction. High shear gave a very strong 
(10-16 times random) 0002 component along the hoop direction. There are two possibilities 
for how variant selection can operate during the transformation; (i) through accommodation of 
an applied elastic strain and (ii) by the selection of a grain boundary α orientation that 
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simultaneously satisfies the orientation relationship requirement in adjacent β grains. A high 
shear process might result in higher internal strains during the transformation, or in more 
recrystallization of the β and therefore a β recrystallization texture that allows mechanism (ii) to 
operate.  The present work cannot distinguish between these two possibilities, but it is clear that 
not all variants are seen for the “high second shear” extrusion cases. 
  
        
10.7  Zirconium 
 
The deformed patterns produced from both extruding a gridded billet and Forge®2008 indicate 
that the bulk flow of the material during extrusion is affected by the extrusion geometry, heat 
flow conditions and billet temperature. The copper cladding proved to be a very successful 
technique since macroscopic examination of the partially-extruded billets showed that it 
provided continuous lubrication. The microstructure analysis suggests that the material was 
deformed in the α+β phase field during the tube extrusions and higher in the upper α+β region 
or β phase during the rod production. Recrystallized β phase was required to attain a fine scale 
microstructure. Elongated α was the dominant phase. Occasionally Widmanstätten α or even 
basket-weave α were observed, with the tendency increasing as the β prior grain size increases 
relative to the cooling rate. The α phase can be of very fine scale (a few micrometres in width), 
with retained β phase in between.  
 
The majority of the basal 0002 normals in the LER rod were located near the radial direction 
with a smaller fraction along the hoop direction of the rod. In FD tube the main fraction of the 
basal plane normals were rotated 25-35° from the pole axis towards the hoop direction of the 
pole. A smaller number of peaks are inclined towards the extrusion direction. This is not a 
classic, pure hexagonal closed packed texture, but a consequence of a β texture that transformed 
upon cooling. The CD tube developed a similar texture, only slightly weaker.    
 
The developed in the FD tube microstructure was very close to that desired, although finer, 
while the texture was not as strong as in commercial pressure tubes [2, 3]. The textures were 
quantified via the Kearns factors. In particular, there was a significant extrusion direction 
component, probably associated with the inherited 110 extrusion texture and incomplete 
variant selection during the transformation to α. This is attributed to; the absence of a cold work 
and anneal step after extrusion, the use of a slightly lower extrusion ratio, a lower strain rate and 
too high a temperature into the β phase field.  
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It is likely that the β phase is enriched in niobium (about 17% Nb). Banerjee [4] suggests  
that ω phase in the β phase makes the β very strong and hence makes the alloy creep resistant. 
Hence the β phase is the strong phase and not the soft, as might be anticipated. Therefore 
controlling the β composition and ligament width is probably very important for the behaviour 
of the material in service.  
 
 
10.8  Suggestions for Further Work and Industrial Practice 
 
Additional simulations were performed to examine the sensitivity of the die exit temperature to 
extrusion geometry and billet temperature, examining cases similar to actual pressure tube 
extrusion conditions and those intermediate between the trials performed here and commercial 
tube production. It was found that the die exit temperatures were quite insensitive to  
the extrusion conditions, even for very large changes in billet temperature, maximum press load 
and overall strain. The only way to significantly reduce the die exit temperature was to  
move to using a conical die, which results in a greater sensitivity to billet temperature and 
extrusion geometry. If it is believed that moving the shear conditions into the α+β field is vital 
to obtaining a significant 0002 texture component along the hoop direction, this would 
therefore be required. 
 
It is believed that a higher and more uniform tooling temperature will prevent excessive cooling 
of the material and that this, in conjunction with a lower billet temperature, would ensure that 
the material deformed lower in the α+β phase field. Subsequent direct quenching of the tube as 
it exits the die would then result in the desired microstructure of elongated α grains surrounded 
by thin ligaments of β [5-7].  
 
A hot stem is believed to provide the opportunity for considerably better temperature control 
during the process.  
 
When extruding long tubes, such a procedure would result in more uniform deformation 
conditions along the billet and easier thermal management of the process, allowing more 
uniform textures and microstructures to be produced.  However, this would require higher 
temperature capability tooling materials and the added complication of heater provision for the 
die, container and especially the stem.  
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The possibility of extruding through a conical die under considerably higher extrusion ratio is 
promising; then a severe shear zone could still be developed whilst still limiting the tooling 
loads and allowing lower temperatures to be used.  
 
A series of plane strain and torsion tests would enable the investigation of the effect of different 
deformation modes on the microstructures and textures developed in isolation. In conjunction 
with the extrusion model, this will allow further insight into the process to be gained and 
improved design of the extrusion process. 
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